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Abstract 

Ducks are the natural host and reservoir of influenza A virus (IAV) . It is currently 

unknown how ducks can both tolerate and restrict IAV  replication. It is likely that ducks have 

evolved unique transcriptional responses to IAV  infection to restrict virus while limiting damage 

from inflammation, however this is poorly understood. Here we examine global transcriptome 

changes in tissues from influenza infected ducks to identify differentially expressed genes. We 

also mined the data for tripartite motif (TRIM) proteins, a group of proteins that arose early in 

eukaryote evolution of which some members have antiviral functions. TRIM proteins are defined 

by a conserved N-terminal RING, B-box and coiled-coil domains, and are further subclassified 

by their variable C-terminal domains. TRIM proteins can inhibit viral replication through either 

direct targeting of viral proteins, or by augmenting antiviral signaling pathways in the cell. Here 

we investigate how many TRIM proteins ducks have, which duck TRIM genes change in 

expression in response to IAV  infection or which act as antiviral effectors.  

In Aim 1 of my thesis, I investigated the transcriptional responses in spleen, lung and 

intestines in ducks infected with a low pathogenic avian influenza (LPAI) strain (BC500) and in 

the lung and spleen in ducks infected with a highly pathogenic avian influenza (HPAI) strain 

(VN1203). The results of these experiments found that ducks have 65 genes that share 

upregulation in all tissues sampled when ducks were infected with HPAI or LPAI and that many 

of these genes were involved in the RIG-I signaling pathway. Tissues involved with IAV  

replication (lung and intestine) also saw selective downregulation of certain proinflammatory 

cytokines. The results of this global transcriptome analysis suggest that global and tissue-specific 

regulation patterns help the duck control viral replication as well as limit  some inflammatory 

responses in tissues involved in replication to avoid damage. In the second Aim of my thesis, I 
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created a de novo transcriptome assembled from Pekin duck RNA-sequencing reads mined from 

the SRA database on NCBI. From this transcriptome I identified 57 TRIM genes in the duck. I 

compared these duck TRIM genes to that of the chicken and documented seven TRIM genes that 

were found in duck but appear absent in chicken, while chickens had two TRIM genes which 

appear to be missing in duck. TRIM27L and RNF135 are TRIM proteins found in duck but not 

chicken which increases RIG-I signaling. I also show that many of the MHC-linked TRIM genes 

arose in a lineage-specific manner in birds and reptiles, and these genes are predominantly 

expressed in immune relevant tissues such as lung, intestine and spleen. In Aim 3, I investigated 

the differential expression of the 57 TRIM genes identified in Aim 2, to both VN1203 and 

BC500. VN1203 caused much more differential expression of duck TRIM genes than BC500 did 

in all tissues sampled. I investigated if  several duck TRIM proteins were able to restrict IAV  

replication when overexpressed in both duck and chicken cells. TRIM27L, a TRIM protein 

found in duck but appearing to be missing in chicken, could restrict IAV  replication when 

overexpressed in duck cells only, while TRIM32 and diaTRIM58 could restrict IAV  in both 

chicken and duck cells. Finally, in Aim 4 I investigated the mechanisms behind TRIM27L IAV  

restriction. Previous work in our lab found TRIM27L could increase IFN-ɓ promoter activity 

when cotransfected with constitutively active RIG-I (d2CARD) in chicken cells. I determined 

that TRIM27L was able to increase this promoter activity when cotransfected with d2CARD and 

dMAVS in both duck and chicken cells, however when cotransfected with duck IRF7 (which is 

downstream in the RIG-I signaling pathway) TRIM27L inhibited IFN-ɓ promoter activity. 

TRIM27L uses its RING domain to inhibit IFN-ɓ downstream of IRF7, and its C-terminal 

PRYSPRY domain to activate IFN-ɓ promoter activity downstream of RIG-I and MAVS. By 

increasing our knowledge of the functions of TRIM proteins in influenza infection in ducks we 
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can gain a better understanding of both TRIM protein biology and function in host-pathogen 

interactions in the reservoir host. 
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Preface 

 This thesis is my own original work and contains results of collaborative research that has 

been published or are being prepared for publication in peer-reviewed journals.  

 Both Chapter 1 and Chapter 2 act as introductory chapters for this thesis. Chapter 1 

outlines the current understanding of pattern recognition receptors and signaling pathways in 

antiviral response in duck, compared to human and chicken. A version of Chapter 1 has been 

published as Campbell LK and Magor KE. 2020. Pattern Recognition Receptor Signaling and 

Innate Responses to Influenza A Viruses in the Mallard Duck, Compared to Humans and 

Chickens. Frontiers in Cellular and Infection Microbiology 10(209). doi: 

10.3389/fcimb.2020.00209. I conducted the original literature search and draft manuscript and 

Dr. Katharine Magor edited and provided advice for the manuscript.   

 Chapter 2 is written in a review format and has not been published. I was responsible for 

all literature searches and drafting the chapter. The title of Chapter 2 is: TRIM protein family 

evolution in direct and indirect restriction of Influenza A virus. 

 A version of Chapter 3 is published as:  Campbell LK, Fleming-Canepa X, Webster RG 

and Magor KE. 2021. Title of publication: Tissue Specific Transcriptome Changes Upon 

Influenza A Virus Replication in the Duck. Frontiers of Immunology 12(4653). 

doi:10.3389/fimmu.2021.786205. I was responsible for data analysis and drafting the 

manuscript. Ximena Fleming-Canepa was responsible for handling the RNA samples and 

sending them for sequencing. Dr. Robert Webster provided the facility and expertise for all 

animal experiments. Dr. Katharine Magor collected all tissues and extracted RNA from infected 

animals and provided funding, supervision as well as editing of the manuscript.  All  authors 

approved the manuscript before publication. I would also like to acknowledge Dr. Rhiannon 

Peery for providing advice on script and R programming, and thank undergraduate student Sarah 

Klimchuk for her work on manually adding names of genes from NCBI to our datasets 

 Chapter 4 of this thesis is currently unpublished, but when published will  be authored by: 

Campbell LK, Peery RM and Magor KE. The title of Chapter 4 is: Evolution and expression of 

TRIM protein genes in the mallard duck. I was responsible for data analysis and drafting the 

manuscript. Dr. Rhiannon Peery performed reciprocal blast hits on the data to remove duplicates, 

provided scripts for analysis and expertise and edited the manuscript. Dr. Katharine Magor 

edited and provided advice for the manuscript.   
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Chapter 5 of this thesis is unpublished. The title of Chapter 5 is: The duck TRIM gene 

repertoire is upregulated in response to highly pathogenic avian influenza virus. I was 

responsible for data analysis and drafting the manuscript. Dr. Katharine Magor edited and 

provided advice for the manuscript.  I would like to also acknowledge Ximena Fleming-Canepa 

for running an SDS-page gel and Calla McKague for making cDNA to help determine if  

TRIM19.2 was expressing in DF-1 cells.  

Chapter 6 of this thesis is unpublished. The title of Chapter 6 is: TRIM27L is both a 

positive and negative regulator of the IFN signaling pathway. I was responsible for data analysis 

and drafting the manuscript. Dr. Katharine Magor edited and provided advice for the manuscript.   

The appendix contains unfinished side projects and detailed instructions for protocols 

developed during my time as a PhD student. The unfinished projects were developing a duck cell 

line and identifying Leucocytozoon ssp in sick ducks.  
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CHAPTER 1 

Introduction  

 

A version of this chapter has been published as Campbell LK, and Magor KE. 2020. Pattern 

Recognition Receptor Signaling and Innate Responses to Influenza A Viruses in the Mallard Duck, 

Compared to Humans and Chickens. Frontiers in Cellular and Infection Microbiology 10(209). 

doi: 10.3389/fcimb.2020.00209. 

Pattern Recognition Receptor Signaling and Innate Responses to Influenza A Viruses in 

the Mallard  Duck, Compared to Humans and Chickens 

 

1.1 Introduction  

Influenza A virus (IAV)  is a negative sense single stranded RNA (-ssRNA) virus which 

causes significant disease in both humans and animals. Due to rapid accumulation of mutations 

during replication, this virus can change surface proteins quickly, thus escape both natural and 

vaccine-based immunity. These mutations also affect the pathogenicity of individual viral 

strains. In chickens especially, IAV  can cause severe disease and mortality. The virus is 

classified as low pathogenic or highly pathogenic avian influenza (LPAI and HPAI, respectively) 

depending on the severity of disease that it causes in chickens (Alexander et al., 1986; Burggraaf 

et al., 2014). LPAI strains cause mild symptoms, and the birds generally recover within a few 

days whereas HPAI strains tend to spread systemically and often kill  chickens within the first 

few days of infection. 

IAV  preferentially replicates in different tissues and organs in the host, and initial 

infection often depends on the linkage type of terminal sialic acid on glycoproteins expressed on 

the surface of cells. Viral hemagglutinin (HA) surface proteins bind to glycoprotein-linked sialic 

acid (SA) on the surface of host cells. The specific linkage of these sialic acids allows the virus 

to not only become specific to different host species, but also different tissues in these hosts. 

Humans express sialic acid Ŭ-2,6 linked galactose (SA Ŭ-2,6-Gal) surface molecules on epithelial 

cells in the upper airways, which is the site of replication for IAV  in humans (Baum and Paulson, 

1990; Couceiro et al., 1993). As such, strains of IAV  that infect humans replicate in the upper 
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airways. Birds, however, predominantly express SA Ŭ-2,3-Gal in their digestive tracts and lungs 

(Costa et al., 2012). Strains of IAV  which are adapted to replicate in birds preferentially bind 

these receptors over human SA Ŭ-2,6-Gal receptors. Chickens also express Ŭ-2,6-Gal in their 

intestinal tracts and lungs, whereas ducks only express these receptors in their lungs. Chickens 

also have a predominance of SA Ŭ-2,6-Gal in their trachea whereas ducks have SA Ŭ-2,3-Gal 

receptor dominance (Kuchipudi et al., 2009). As IAV  has been known to jump host species, as is 

the case of avian IAV  jumping to humans, this suggests that chickens may be responsible for 

propagating avian strains of influenza that can then infect humans. IAV  can use other receptors 

such as phosphoglycans on host cells to gain entry and seems to depend on more than just SA 

linkages to enter cells (Byrd-Leotis et al., 2019). 

Ducks and migratory waterfowl are thought to be the reservoir hosts of IAV,  as they 

appear to have shared a long evolutionary history with the virus (Webster et al., 1992; 

Taubenberger et al, 2010). Indeed, phylogenetic analysis has suggested that avian IAV  and 

circulating mammalian strains of IAV  share a recent common ancestor of avian origin. So called 

ñdabbling ducks,ò or more specifically ducks of the genus Anas, are the most frequent host of 

circulating strains of IAV  (Kida et al., 1980; Olsen et al., 2006; Runstadler et al., 2007; Jourdain 

et al., 2010). For simplicity, we will  generalize the term ñducksò to mean mallard ducks (Anas 

platyrhynchos), which also includes the many breeds of domesticated mallard ducks (Zhang et 

al., 2018). When infected with IAV,  ducks generally have no or very mild symptoms, yet 

surprisingly still replicate and excrete viruses at high titres (Kida et al., 1980). LPAI can replicate 

in the intestines of ducks for up to 5 days without causing lesions (Daoust et al., 2013). Often 

called the ñTrojan Horseò of infection, these migratory birds can then spread the virus to other 

ducks in waterways, or to other bird species as they migrate (Kim et al., 2009). HPAI however, 

preferentially replicates in the lungs of infected ducks, and is more likely to spread systemically 

in ducks and chickens (Bingham et al., 2009; Vidana et al., 2018). After such a long evolutionary 

history, the reservoir host likely has evolved adaptations to circumvent damaging effects of 

prolonged viral replication. 

While ducks can control most strains of IAV,  some HPAI strains cause significant 

disease and mortality in ducks, especially those belonging to the H5 subgroup and clade 2.3.2.1 

(Sturm-Ramirez et al., 2004; Bingham et al., 2009; Hagag et al., 2015; Haider et al., 2017). It is 

difficult  to generalize, however, because in challenge experiments using viruses belonging to this 
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clade, ducks demonstrated differences in mortality ranging from 100% lethal to no mortality 

(Kang et al., 2013; Ducatez et al., 2017). Most strikingly, two viruses from the 2.3.2.1 clade that 

differed by only 30 amino acids showed complete differences in mortality in mallards, with one 

virus being 100% lethal while the other causing no mortality (Hu et al., 2013). All  of these 

strains are lethal to chickens and many other species. However, some species may show 

resistance to some strains. Pigeons are resistant to some strains of H5N1, including to strains 

belonging to clade 2.3.2 (Smietanka et al., 2011; Yamamoto et al., 2012). However, as 

summarized in a recent review (Abolnik, 2014), pigeons often do not replicate the virus to 

significant titres and only shed the virus for a short period of time. We also cannot generalize 

about all ducks as other types of ducks exhibit varied reactions when infected with H5N1 strains 

of virus. Gadwall, wigeon, and mallard ducks were asymptomatic, while mandarin duck, tufted 

ducks, ruddy shelducks, and several species of geese and swans showed signs of morbidity and 

mortality (Gaidet et al., 2010). In another study, swans and ruddy shelducks showed 100% 

mortality when infected with HPAI H5N1, whereas mallard ducks had an asymptomatic 

infection (Kwon et al., 2010). Thus, infection and mortality rates differ between different types 

of ducks. These studies highlight the difficulty  in making generalizations about avian influenza 

studies but can also pinpoint residues contributing to virulence in each host species. What makes 

mallard ducks so successful at both limiting viral replication of HPAI virus and resisting damage 

from replicating virus is currently unknown. 

When birds are infected with IAV,  the first few days seem to be the most important when 

determining survival vs. succumbing to infection, highlighting the importance of innate 

immunity as a protective mechanism. We recently reviewed the immune responses of ducks and 

chickens to IAV  (Evseev et al, 2019). Birds diverged from mammals about 300 million years ago 

yet have retained many of the same innate immune mechanisms that mammals use to combat 

viral infections. When viral or pathogen associated molecular patterns (PAMPS) are detected by 

the host, they are detected by specific pattern recognition receptors (PRRs) in order to elicit 

antiviral responses including cytokines, chemokines, and upregulation of antiviral effectors. Both 

immune and non-immune cells contain these PRRs. PRRs of avian species were previously 

reviewed in 2013 (Chen et al., 2013), however significant advances have been made since that 

time. In this review, we summarize recent advances in understanding innate signaling pathways 

in ducks by looking at the similarities and differences between PRR tissue expression in ducks, 
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chickens, and humans. We also further review new research in characterizing protein function in 

the signal transduction platform in order to understand how innate signaling pathways differ or 

are the same in these three species. 

The three important PRR signaling pathways responding to influenza infection include 

toll-like receptors (TLRs), retinoic acid-inducible gene-I (RIG-I)-like receptors (RLRs), and 

nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs) (Figure 1.1). TLRs, 

RLRs, and NLRs can all be found on the cell surface or in cytosolic compartments in the cell. 

These PRRs all act to recognize influenza viral components such as double stranded RNA 

(dsRNA), single stranded RNA (ssRNA), and RNA with a 5ᾳ triphosphate overhang (5ᾳpppRNA) 

(Yoneyama et al., 2004; Okamoto et al., 2017). Many of these PRRs have signaling pathways 

that converge downstream to produce interferons (IFNs) or proinflammatory cytokines and 

utilize similar scaffolding and adaptor proteins to amplify this signal. In this review, we compile 

recent studies on characterization of these influenza sensors, signaling pathways and their 

downstream effectors in both chickens and ducks.  

Basal expression of these PRRs may also allow different tissues to detect IAV  infection 

earlier. To visualize PRR readiness we show basal expression patterns in different tissues in 

ducks and chickens (Figure 1.2). Tissues studied include immune relevant organs such as the 

lung, spleen, bursa, thymus, and intestine as well as other organs such as brain, kidney, and 

heart. 

 

1.2 RLR Receptors and Their  Adaptors 

The RIG-I like receptor (RLR) family are select cytosolic RNA helicases which contain 

conserved DExD/H box domains used in nucleic acid binding (Loo et al., 2011). These PRRs 

sense non-self RNA from viral pathogens. In contrast to other PRRs like TLRS, RLRs are 

expressed in immune cells as well as in somatic cell types such as epithelium, thus can protect 

cell types most targeted by viral infection (Uhlen et al., 2015; Francisco et al., 2019). RLRs 

involved in IAV  recognition include retinoic acid inducible gene I (RIG-I), melanoma 

differentiation-associated gene 5 (MDA5), and laboratory of genetics and physiology 2 (LGP2) 

(Figure 1.1). RIG-I and MDA5 share much structural similarity, with both proteins having two 

caspase activation and recruitment (CARD) domains, a central DEAD helicase domain and a C-

terminal repressor domain (RD) (Yoneyama et al., 2005; Zou et al., 2009). While the DExD/H 
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box helicase domain has the ability to use ATP hydrolysis to aid in binding and unwinding viral 

RNA, the RD has been implicated in self repression (as in RIG-I). CARD domains are involved 

in relaying the signal to the downstream adaptor, the mitochondrial antiviral signaling protein 

(MAVS) (Jacobs et al, 2013; Wu et al, 2015). LPG2 is lacking the CARD domains that RIG-I 

and MDA5 possess but shares structural similarity in the DExD/H box and RD domains (Pippig 

et al., 2009). The cytosolic sensor MDA5 preferentially recognizes long dsRNA, whereas RIG-I 

recognizes shorter dsRNA sequences that are produced during IAV  replication (Kato et al., 

2008). Once these cytosolic sensors recognize viral RNA, a signal is transduced through MAVS 

to downstream components to induce type I IFN or proinflammatory cytokine production. 

1.2.1 RIG-I 

 RIG-I is the primary sensor of influenza virus in all cells except plasmacytoid dendritic 

cells. RIG-I detects dsRNA and viral transcriptional intermediates bearing 5ᾳ-pppRNA in 

infected cells (Hornung et al., 2006; Pichlmair et al., 2006; Schmidt et al., 2009). A panhandle 

structure, formed by binding of complementary regions in the influenza RNA transcript, is 

detected by RIG-I (Liu G. et al., 2015). Recently transcriptional intermediates called mini viral 

RNAs of about 80 nucleotides in length have been shown to act as RIG-I ligands (te Velthuis et 

al., 2018). Notably, it was recently shown that RIG-I detects viral replication not only in the 

cytoplasm, but also in a nuclear compartment (Liu G. et al., 2018). This may be particularly 

relevant for influenza detection since influenza replicates in the nucleus. A recent review 

considers how dsRNA and viral transcriptional intermediates bearing 5ᾳ-pppRNA made in the 

nucleus are detected by RIG-I in the cytoplasm of infected cells (Liu et al, 2019). It is not known 

whether RIG-I is capable of nuclear detection in lower vertebrates. In addition, RIG-I (but not 

MDA5) can act as an antiviral effector protein by directly binding to incoming IAV  viral RNA 

(Weber et al., 2015). RIG-I also has far reaching effects on immune responses. Mice deficient in 

RIG-I signaling show defects in dendritic cell activation and mobilization, viral antigen 

presentation and impairment of polyfunctional T cell responses (Kandasamy et al., 2016). More 

recently, the importance of RIG-I in IAV  infection has been questioned. Surprisingly, when RIG-

I was knocked out of mice, this did not make mice more susceptible to lethal influenza infection 

(Wu et al., 2018). These results may stem from mice not being a natural host of IAV  or perhaps 

they rely on different recognition strategies to detect virus. 
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RIG-I is ubiquitously expressed in human tissues, but ducks have tissue specific basal 

expression of RIG-I and chickens appear to be missing RIG-I entirely. RIG-I is expressed in 

most human tissues and does not exhibit tissue specific expression, although there is slightly 

higher mRNA expression in the thymus, granulocytes, and adipose tissues (Uhlen et al., 2015). A 

comparison of tissue expression of RLR pathway components between chickens and ducks 

illustrates the readiness of these tissues to respond to pathogens (Figure 1.2A). In Muscovy 

ducks, RIG-I is most highly expressed in the trachea and digestive tissues (Cheng et al., 2015a). 

Chickens appear to have lost RIG-I (Barber et al., 2010). RIG-I gene loss has also been 

documented in mammals, such as the Chinese tree shrew (Xu et al., 2016). RIG-I knockouts 

generated in C57BL/6 mice are lethal in the developing embryos (Kato et al., 2005), however 

this lethality was not seen in mice with a more complex genetic background (Wu et al., 2018). 

Duck RIG-I can function in chicken cells, indicating that chickens have the 

corresponding downstream signaling components. When we overexpressed duck RIG-I in 

chicken fibroblasts, the cells could detect RIG-I ligand and produce interferon (Barber et al., 

2010). We also showed that chicken cells transfected with duck RIG-I produce more IFN-ɓ, 

augment expression of numerous ISGs, and restrict influenza virus (Barber et al., 2013). Others 

have demonstrated that chickens detect IAV  through the related RLR, MDA5 (Karpala et al., 

2011; Liniger et al., 2012). We have speculated that one reason ducks so successfully control 

influenza virus while chickens do not is partially because of RIG-I. This has been controversial, 

and we acknowledge that because RIG-I has not been detected does not prove it does not exist. 

No disrupted gene has been found to confirm its absence. If  chicken RIG-I has significantly 

diverged from duck RIG-I, it would not be detected through hybridization, or PCR. Likewise, it 

has also been notably absent from the now extensive transcriptome databases available for 

chickens and other galliform birds. However, if  a chicken RIG-I ortholog is expressed in very 

low amounts or has a very high GC content, it may be difficult  to sequence using standard next 

generation sequencing technology. An interesting experiment to determine the significance of 

RIG-I in birds would be to knock RIG-I out of ducks or introduce duck RIG-I into chickens. 

However, some strains of influenza viruses can kill  ducks even in the presence of RIG-I, 

demonstrating that many other factors contribute to successful defense. 

RIG-I is upregulated quickly during influenza infection, with a peak at 24 h and 

expression returning to normal levels in lung, intestine, and spleen when Pekin ducks are 
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infected with both HPAI and LPAI IAV  strains (Fleming-Canepa et al., 2019). In these studies, 

RIG-I is upregulated much more during HPAI infection than LPAI infection. In Muscovy ducks 

RIG-I mRNA expression peaked at 2 DPI in brain and spleen, while expression was highest 1 

DPI in the lung and bursa (Cheng et al., 2015a). Muscovy ducks are more susceptible to 

influenza infection than mallard ducks (Phuong do et al., 2011), and this slight delay in RIG-I 

upregulation may contribute. 

1.2.2 MDA5 

MDA5 was often thought to be of less importance in IAV  infection because of its 

preference for longer dsRNA, however siRNA knockdown of this host mRNA during IAV  

infection in mice demonstrated that MDA5 is also an important factor in viral restriction (Benitez 

et al., 2015). While it appears that chickens have lost RIG-I (Barber et al., 2010), they use the 

related cytosolic receptor MDA5 to detect IAV  and signal through MAVS to induce IFN and 

proinflammatory cytokine responses (Karpala et al., 2011; Liniger et al., 2012). The tree shrew 

lineage also appears to have lost RIG-I, and pathogen pressures on tree shrew MDA5 and LGP2 

have selected for the ability to detect the RIG-I agonist Sendai virus (SeV) (Xu et al., 2016). 

Chicken MDA5, unlike mammalian MDA5, preferentially recognizes short dsRNA (Hayashi et 

al., 2014), and like human MDA5 it can also be stimulated with long polyinosinic-polycytidylic 

acid (poly (I:C) (Barber et al., 2010). It is currently unknown if  duck MDA5 has a dsRNA length 

preference. Chicken MDA5 also appears to have undergone positive selection and is able to 

recognize RNA from Newcastle Disease virus (NDV) (Xu et al., 2019). Indeed, when these 

mutations were introduced into human MDA5, a glutamic acid to a leucine at position 633, the 

mutant was able to bind NDV RNA. Duck MDA5 has proline at residue 633 (Barber et al., 

2010), and thus is not expected to detect NDV RNA. 

MDA5 is most highly expressed in the trachea followed by the ileum, duodenum, crop, 

rectum, and colon in Muscovy ducks (Wei et al., 2014), like basal expression of RIG-I (Cheng et 

al., 2015a). In healthy adult chickens, MDA5 was most highly expressed in the spleen, followed 

by the thymus and trachea (Bush et al., 2018). Chicken MDA5 is strongly upregulated in lung, 

spleen and brain in H5N1 infected birds (Karpala et al., 2011). Duck MDA5 is upregulated in 

response to IAV  infection at 1 DPI in the lung, spleen, and brain, and returns to normal levels at 

3 DPI (Wei et al., 2014; Fleming-Canepa et al., 2019). MDA5 was also slightly upregulated in 

lungs of Pekin ducks infected with LPAI, but not significantly upregulated in intestines of the 
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same cohort of ducks (Fleming-Canepa et al., 2019). 

1.2.3 LGP2 

LGP2 is induced in humans during influenza infection. LGP2 seems to function as both a 

positive and negative regulator of RIG-I and MDA5. This contrary effect on IFN signaling seems 

to be dose dependent as smaller amounts of LGP2 help increase MDA5 and RIG-I activation 

while over-expression of LGP2 inhibits it (Rothenfusser et al., 2005; Satoh et al., 2010). In mice 

infected with IAV,  LGP2 attenuates the IFN response, perhaps in an effort to control damaging 

inflammatory responses (Malur et al., 2012). Recently LGP2 has also been implicated in 

inhibition of Dicer dependent processing of dsRNA, thus inhibiting RNAi (van der Veen et al., 

2018). Muscovy ducks infected with HPAI H5N1 had upregulation of duck LPG2 (duLGP2) in 

the spleen at 1 DPI (Jiao et al., 2015). In the lung and brain, duLGP2 was upregulated on both 1 

and 2 DPI suggesting that duLGP2 is involved in the early response to IAV.  This is the same 

expression pattern seen in geese infected with this strain of H5N1 (Wei L. et al., 2016). No 

studies have been published to date on duLGP2 interactions with RIG-I during IAV  infection. 

However, duLGP2 was important during duck enteritis virus (DEV) infection through 

interactions with MDA5 (Huo et al., 2019). Overexpression of chicken LGP2 (chLGP2) reduced 

IFN signaling in IAV  infected cells, however silencing of the LGP2 gene in chicken cells also 

decreased IFN-ɓ production, suggesting chLGP2 is important for MDA5 signal enhancement at 

low expression levels (Liniger et al., 2012). It is unknown if  duLGP2 augments signaling with 

duck RIG-I or MDA5. 

1.2.4 TRIM25 

Tripartite motif protein 25 (TRIM25) can both augment IFN signaling (Gack et al., 2007) 

and directly restrict virus in mammals (Meyerson et al., 2017). TRIM25 is known to stabilize 

RIG-I CARD domain interaction with MAVS CARD domains and increase IFN production 

during an infection (Gack et al., 2007). The CARD domains of RIG-I are exposed when RIG-I 

recognizes viral RNA, at which point TRIM25 binds to RIG-I CARD domains using its C-

terminal PRY-SPRY domain. Using the E3 ligase activity of its RING domain, TRIM25 

polyubiquitinates RIG-I, attaching K63-linked ubiquitin chains to lysine residues on RIG-I. 

Stabilization of the RIG-I CARD domain tetramer allows it to nucleate MAVS filament 

formation (Peisley et al., 2014). TRIM25 can also physically block vRNA transcription in the 

nucleus by binding to the vRNP complex (Meyerson et al., 2017). Whether duck TRIM25 has 
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the ability to restrict viral RNA transcription not yet been examined. 

Duck TRIM25 performs much the same function as human TRIM25 in RIG-I stabilization. 

Human TRIM25 ubiquitinates lysine 172 of human RIG-I CARD domains, but this lysine is not 

conserved in ducks. Instead, duck TRIM25 ubiquitinates K167 and K193 (Miranzo-Navarro et 

al, 2014). Mutation of either lysine site alone in the duck did not alter ubiquitination patterns of 

the CARD domains, however mutation of both sites abrogated covalently attached ubiquitin. 

Interestingly, duck TRIM25 in our transfection experiments could still activate these double 

mutants, suggesting unanchored ubiquitin could also stabilize RIG-I in the duck. Chicken 

TRIM25 augments IFN signaling, however the mechanism is unclear in the absence of RIG-I 

(Rajsbaum et al., 2012). In human cells, a long non-coding RNA (lncRNA) Lnczc3h7a also 

contributes to stabilizing the interaction between TRIM25 and RIG-I CARD domains (Lin et al., 

2019). Recently, duck lncRNA were analyzed during HPAI and LPAI infection to determine 

which were differentially expressed and potentially involved in influenza A control (Lu et al., 

2019). This study did not assess whether lnczc3h7a is differentially expressed, nor is it known if  

duck lnczc3h7a can function in the same manner, but this augmentation by lncRNAs may well 

be conserved. 

In healthy chickens, TRIM25 is most highly expressed in the lung, spleen, and thymus and 

is upregulated in response to NDV in the spleen, thymus, and bursa (Feng et al., 2015). To date, 

we are unaware of studies looking at TRIM25 basal tissue expression in duck, however we 

showed TRIM25 is upregulated in the lung of HPAI infected ducks and slightly upregulated in 

lung of LPAI infected ducks at 1 DPI (Fleming-Canepa et al., 2019). 

1.2.5 MAVS 

MAVS protein is an adaptor protein that acts as a signaling amplifier during viral infection 

through interactions with both RIG-I and MDA5 (Figure 1.1). MAVS forms ñprion-likeò 

aggregates on the surface of the mitochondria when nucleated by tetramers of CARD domains of 

RIG-I or MDA5 (Kawai et al., 2005; Hou et al., 2011). The 2CARD domains of RIG-I form a 

helical tetrameric structure offset by 1 unit, and this helical assembly recruits MAVS CARD 

monomers (Wu et al., 2014). The helical assembly of tetrameric RIG-I and elongation of MAVS 

filaments is necessary for signal transduction by MAVS. Although ducks have very different 

amino acid sequences within these CARD domains compared to mammals, we showed the 

helical assembly of d2CARD with MAVS leads to signal activation as well (Wu et al., 2014). 
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Filamentous MAVs then recruits tumor necrosis factor receptor associated factor 3 (TRAF3), 

which acts as an adaptor protein to phosphorylate TANK-binding kinase 1 (TBK1) and inhibitor 

of nuclear factor-əB (IəB) kinase (IKK)  (Fitzgerald et al., 2003; Liu S. et al., 2015). From there 

transcription factors such as interferon regulatory factor 3 or 7 (IRF3/IRF7) are activated to 

induce IFN production. 

Duck MAVS expression in healthy tissues varied depending on the age of the ducks tested. 

In 3-week-old Cherry Valley ducks, MAVS expression was highest in the pancreas, liver and 

heart (Li  N. et al., 2016), while in 2-month-old Cherry Valley ducks, tissue expression was more 

ubiquitous with slightly higher expression seen in the trachea and heart (Li  H. et al., 2016). 

MAVS basal expression in adult chickens is also more ubiquitous, with only slighter higher 

expression seen in the spleen, heart, and thymus (Bush et al., 2018). The human protein atlas 

shows that human MAVS is expressed in almost all tissues, but curiously has the lowest 

expression in innate immune cells such as dendritic cells, monocytes, T-cells, and B-cells (Uhlen 

et al., 2015). Pekin duck MAVS is upregulated 1 DPI in both HPAI and LPAI infection in lungs, 

however no MAVS upregulation was seen in ileum of LPAI infected ducks (Fleming-Canepa et 

al., 2019). 

1.2.6 TBK1 

TBK1 activates IFN-ɓ production by phosphorylating IRF3 allowing it to dimerize and 

translocate to the nucleus and initiate type I IFN production (Fitzgerald et al., 2003; Liu S. et al., 

2015) (Figure 1.1). In humans TBK1 (huTBK1) expression is highest in brain tissues, adrenal 

glands, lungs, and the upper digestive tract (Uhlen et al., 2015). Chickens express TBK1 highest 

in spleen, lung, and thymus (Wang et al., 2017). This contrasts with 1-month old Cherry Valley 

ducks, where the highest expression was seen in the liver, heart, and duodenum (Hua et al., 

2018). Very little expression was seen in healthy lungs, spleen, or bursa of these ducks. Duck 

TBK1 (duTBK1) was shown to function similarly to huTBK1 in that overexpression was able to 

activate IFN-ɓ, NF-əB, and IRF1 promoter activity in duck embryonic fibroblast (DEF) cells. 

Silencing of endogenous duTBK1 in DEF cells also significantly reduced IFN-ɓ promoter 

activity in DEF cells. As basal tissue expression of many duck PRR and downstream signaling 

components seems to favor having reduced expression of these proteins in immune relevant sites, 

we suggest that this could be another level of immune regulation that is protective to the duck. 

Experimental dysregulation of basal tissue expression of proteins such as TBK1 and IRF7 could 
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be done to investigate this question. 

1.2.7 TRAF3 

TRAF3 operates downstream of both TLRs as well as RLRs to aid in signal transduction 

and amplification (Hacker et al., 2006) (Figure 1.1). In the RIG-I signaling pathway, TRAF3 acts 

as an adaptor downstream of MAVS, by recruiting TBK1 and IKKŮ to phosphorylate the 

transcription factor IRF3 (Guo et al, 2007). TRAF3 is most highly expressed in lung, spleen, and 

thymus of 2-week-old chickens (Yang et al., 2015). Duck TRAF3 (duTRAF3) however, has a 

uniform expression pattern with only slightly higher amounts of TRAF3 expression seen in the 

brain, and the lowest levels in the lung (Wei et al., 2018). In chicken embryonic fibroblasts 

(CEF) cells, TRAF3 (chTRAF3) is upregulated in response to poly (I:C) stimulation, NDV 

infection and poly dA-dT, suggesting it is important in both DNA and RNA viral infections 

(Yang et al., 2015). Similarly, duTRAF3 is also upregulated in DEF cells stimulated with poly 

(I:C) and the authors also found that overexpression of duTRAF3 could control both IAV  and 

duck Tembusu virus replication (Wei et al., 2018). 

Curiously, a truncated version of duTRAF3 was also found, named duTRAF3-S (splice 

isoform duck TRAF3) (Wei et al., 2018). This splice variant is missing key N-terminal catalytic 

domains but can still bind to both TBK1 and MAVS with its C-terminal TRAF domain. 

DuTRAF3-S can interact with duTRAF3 but not MAVS, thus decreasing IFN-ɓ production. 

After poly (I:C) stimulation, DEF cells express more duTRAF3 until 9 HPI, at which point 

duTRAF3 mRNA expression begins to decrease and duTRAF3-S mRNA expression begins to 

increase. This splice isoform may act to dampen IFN signaling in the later time points of 

infection to reduce damage from inflammation. In summary, duTRAF3 is most highly expressed 

in the brain in healthy ducks, while chickens express more in the lung, spleen, and thymus. 

1.2.8 IRF7 

IRF3 is a known important mediator of the type I interferon system in mammals. IRF3 is 

ubiquitously expressed, slow to degrade and a potent transcriptional activator of Type I IFN 

production in mammals (Honda et al, 2006). Birds appear to be missing IRF3, however, they do 

have IRF7 (Cormican et al., 2009; Huang et al., 2010). Avian IRF7 is structurally like IRF3, 

suggesting that it may play a similar role to that of IRF3 in mammals. Recent bioinformatics 

analysis has confirmed that chicken IRF7 clusters more closely to IRF3 of lower vertebrates yet 

is located in a region with high synteny to mammalian IRF7 (Cheng et al., 2019b). 
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IRF3, rather than IRF7, is considered more important for the initial response to viral 

infection. In mammals IRF3 is constitutively expressed in most tissues and seems to have a long 

half-life (Prakash et al., 2006; Hiscott, 2007). Activation of IRF3 results in increased type I IFN 

signaling and an eventual increase in transcription of IRF7, which has a very short half -life, 

comparatively. IRF7, in turn, amplifies both Type I and Type III  IFN signaling (Sato et al., 

1998). In mice, knockdown of IRF3 is not detrimental to the IFN response to IAV,  however 

knockdown of IRF7 leaves mice much more susceptible to infection and a double knockout of 

both transcription factors renders mice unable to produce IFN-Ŭ or IFN-ɓ (Hatesuer et al., 2017). 

Humans who have mutations in IRF7 are more susceptible to life threatening infections by IAV  

(Ciancanelli et al., 2015). There is very little expression of duck IRF7 (duIRF7) in the lung of 

uninfected ducks, and greater expression seen in the liver and intestine (Chen et al., 2019). 

Chicken IRF7 (chIRF7) is most highly expressed in the spleen and lung of healthy chickens 

(Cheng et al., 2019b).  

Recent research has focused on the role of IRF7 in inhibition of IAV  through IFN mediated 

responses in chickens and ducks. Chicken IRF7 (chIRF7) is involved in antiviral responses and 

plays analogous roles to that of mammalian IRF3. Recent studies have found that chIRF7 can be 

induced to translocate across the nucleus downstream of both chMAVS and chicken stimulator 

of interferon genes (chSTING), and chIRF7 dimerizes following chTBK1 activation, allowing it 

to increase IFN-ɓ signaling (Wang et al., 2019). Initial experiments investigating function found 

that overexpression of chIRF7 increased IFN-ɓ expression (Kim et al, 2015). However, their 

knockdown of chIRF7 did not significantly change IFN-ɓ expression during poly (I:C) 

stimulation suggesting other transcription factors may be involved. Contradictory results were 

published in 2019 showing chirf7ī/ī DF-1 cells were unable to produce IFN-ɓ, even when 

transfected with MAVS or STING (Cheng et al., 2019b). DuIRF7 upregulates type I IFNs but 

does not affect type II  IFN expression (Chen et al., 2019). We showed that duIRF7 increases 

IFN-ɓ signaling when overexpressed in DF-1 cells (Xiao et al., 2018). We also observed duIRF7 

translocate to the nucleus upon stimulation with constitutively active RIG-I 2CARD. When 

chIRF7 is overexpressed in DF-1 cells, it caused increased cell death and resulted in higher 

levels of viral replication (Kim et al., 2018). With transfection of mCherry-IRF7 (Xiao et al., 

2018), we also observed increased cell death.  

IRF7 can control viral replication in ducks. A recent study demonstrated that duIRF7 can 
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control the positive sense RNA virus, duck Tembusu virus in DEF cells (Chen et al., 2019). No 

studies to date have examined whether duIRF7 controls IAV,  or if  it increases viral replication, 

as seen in DF-1 cells. This may be an interesting avenue of study, as Kim and Zhou (2018) 

suggest that chIRF7 could be a target of IAV.  

1.2.9 STING 

Stimulator of interferon gene (STING) is a protein on which many PRR pathways 

converge in order to increase NF-əB and IFN signaling downstream of pathogen pattern 

recognition (Figure 1.1). It was initially  discovered as an adaptor molecule in the cyclic GMP-

AMP synthase (cGAS) signaling pathway, which detects viral DNA and subsequently drives the 

induction of type I IFNs and proinflammatory cytokines (Ishikawa et al., 2009). STING also 

interacts with both RIG-I and MAVS in mammalian cells and is involved with sensing of RNA 

viruses (Zhong et al., 2008; Castanier et al., 2010). STING is found on the endoplasmic 

reticulum and can be closely associated to MAVS on the mitochondrial outer membrane (Zhong 

et al., 2008; Ishikawa et al., 2009). Acting as a scaffolding protein between TBK1 and IRF3, 

STING aids in IRF3 phosphorylation and type I IFN induction (Zhong et al., 2008; Tanaka et al., 

2012). IAV  interferes with STING through its hemagglutinin fusion peptide, effectively 

preventing STING dimerization and interactions with TBK1 (Holm et al., 2016). In addition, 

independently of RIG-I or TLR detection, STING also detects RNA viral membrane fusion 

events and potentiates the IFN response during viral infection (Holm et al., 2012). 

Duck STING (DuSTING) shares 43 and 71% identity to human and chicken STING 

(chSTING), respectively (Cheng et al., 2019a). DuSTING is most highly expressed in the 

glandular stomach, followed by the trachea, lung, small intestine, spleen, kidney, and bursa 

(Cheng et al., 2019a). ChSTING is most highly expressed in the thymus, bursa, spleen, lung, and 

intestine of uninfected chickens (Ran et al., 2018). As chSTING was not analyzed in the 

glandular stomach or trachea, it is not possible compare expression to ducks. However, it is 

noteworthy that in ducks, STING is more abundant in the lung than the bursa and spleen. If  

duSTING is orthologous to mammalian STING, it may react to IAV  fusion quicker in these 

tissues although it is not known if  duSTING can detect viral fusion. Human STING shows low 

tissue specific expression, but has slightly higher mRNA expression in tonsils, lymph nodes, and 

lung (Uhlen et al., 2015). 

Human STING increases IFN-ɓ signaling when overexpressed in 293 T cells (Ishikawa et 
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al., 2009). MEF cells were shown to require STING but not cGAS to produce IFN after infection 

with two RNA viruses, NDV and SeV. Similarly, duSTING drastically increased IFN-ɓ 

promoter activation when overexpressed in DEF cells. However, when the cells were stimulated 

with poly (I:C), STING was not required to potentiate the IFN response (Holm et al., 2016). 

DuSTING is highly upregulated in both spleen and lung in ducks infected with a LPAI H9N2. 

DuSTING was most highly upregulated on day 2 in both these tissues. In lungs, duSTING was 

only upregulated on day 2, with day 1 showing no significant increase when compared to mock 

infected birds (Cheng et al., 2019a). This may be because a LPAI strain of virus was used. It 

would be interesting to look at STING regulation in these tissues during HPAI infection. 

 

1.3 Toll -Like Receptor Pathway 

TLRs are important pattern recognition receptors that induce innate immune responses to 

viral, bacterial, fungal and parasitic pathogens (Kawai et al., 2010). Humans have 10 TLRs 

(TLR1-10) as do birds, however the TLRs that have been classified in birds are different, as 

reviewed by several groups (Boyd et al., 2007; Temperley et al., 2008; Brownlie et al., 2011; 

Chen et al., 2013; Keestra et al., 2013). For example, TLR1 in birds has been duplicated so that 

birds express TLR1a and TLR1b. Similarly, TLR2 has two paralogous genes, tlr2a and tlr2b. 

Other homologous TLRs expressed by birds include TLR3, TLR4, TLR5, and TLR7, which 

leaves TLR8, TLR9, and TLR10 currently unaccounted for in avian species. Birds also have two 

TLRs which are not found in mammals but have been classified in lower vertebrates: TLR15 and 

TLR21. TLR15 is upregulated in response to bacterial pathogens in chickens (Nerren et al., 

2010), and recognizes a yeast-derived agonist (Boyd et al., 2012) and diacylated lipopeptide 

from mycoplasma (Oven et al., 2013). TLR21 functions analogously to TLR9 in humans in that 

it recognizes CpG oligodeoxynucleotides (CpG ODN) in both duck (Cheng D. et al., 2019) and 

chicken (Brownlie et al., 2009). 

TLRs can be expressed both extra and intracellularly, with the cell surface TLRs being 

more adept at detecting extracellular pathogens (TLR1, 2, 4, 5, and 6) (Hopkins et al, 2005). 

Likewise, TLRs that are in endosomes, or in other intracellular compartments, are more 

specialized in detecting intracellular pathogens, such as viruses (TLR3, 7, 8, and 9). Specific 

TLRs, such as TLR3, TLR7, and TLR8 recognize viral RNA and play important roles in the 

defense against IAV  in mammals (Alexopoulou et al., 2001). 
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PAMPs are detected through the TLR ectodomain with leucine rich repeats (LRR) and 

signal downstream to produce IFNs and other cytokines through their cytoplasmic Toll/IL -1 

receptor (TIR) domain (Botos et al., 2011). TLRs are activated and different adaptor proteins are 

recruited to amplify the signal. TIR-domain-containing adapter-inducing interferon-ɓ (TRIF) 

dependent pathways induce type I IFN production through TBK1 and IRF3 activation (Sato et 

al., 2003; Yamamoto et al., 2003). Myeloid differentiation primary response 88 (MyD88) 

dependent pathways induce NF-əB proinflammatory gene expression through recruitment of 

TRAF6 and eventual activation of the IKK  signaling complex (Hemmi et al., 2002; Muroi et al., 

2008). 

Induction of TLR signaling increases IFN production and cytokine signaling in both 

mammalian and avian cells. As such, treatment of cells with TLR specific ligands such as poly 

(I:C), lipopolysaccharide (LPS) and CpG ODN can reduce IAV  replication in both mammals 

(Cluff et al., 2005; Shinya et al., 2011) and chickens (St. Paul et al., 2012; Barjesteh et al., 2014). 

TLRs can also act synergistically to produce proinflammatory responses. In chicken monocytes, 

stimulating with the TLR3 ligand poly (I:C) resulted in an increase in mRNA of type I IFNS (He 

et al., 2012). Co-stimulation of these chicken monocytes with the TLR21 ligand CpG-ODN and 

poly (I:C) resulted in an even greater increase of proinflammatory cytokines than cells stimulated 

with a single ligand and biased the cells to a Th1 type response. Since only TLR3 and 7 directly 

detect IAV  during infection in birds, we will  focus on these TLRs in the next two sections. 

1.3.1 TLR3 

TLR3 is an endosomal TLR that recognizes dsRNA or replicating viral intermediates and 

activates NF-əB signaling in a TRIF dependent signaling pathway (Alexopoulou et al., 2001) 

(Figure 1.1). In humans, TLR3 is predominantly expressed in the placenta, followed by smaller 

but still significant amounts in the small intestine and lower amounts in most other tissues 

(Uhlen et al., 2015). It is also constitutively expressed in bronchial and alveolar epithelial cells 

(Guillot et al., 2005). Infection of the human cell line A549 (alveolar epithelial cell line) with 

IAV  resulted in an upregulation of TLR3 (Wu et al., 2015). TLR3 stimulation during influenza 

infection resulted in activation of IRF3 and increased type III  IFN production. When TLR3 

knockout mice were infected with influenza they had a surprising survival advantage over 

wildtype mice, despite having higher viral titres in their lungs (Le Goffic et al., 2006), 

highlighting the complex role of this PRR in influenza restriction.  
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Tissue expression of TLR3 differs between ducks and chickens (Figure 1.2B). In 

uninfected tissues, Pekin duck TLR3 is expressed highest in the trachea with lower expression 

seen in the digestive tissues and the lung (Zhang M. et al., 2015). Muscovy ducks, which are 

more susceptible to influenza virus infection than Pekin or mallard ducks (Pantin-Jackwood et 

al., 2013) show higher expression of TLR3 in the trachea, spleen, pancreas, lung, and digestive 

tissues (Jiao et al., 2012). Thus, Muscovy ducks show high basal expression of TLR3 in many 

tissues, while Pekin ducks had high expression only in trachea. In chickens, basal TLR3 

expression is highest in intestine, liver, and kidney (Iqbal et al., 2005). TLR3 was constitutively 

expressed in chicken heterophils (Kogut et al., 2005). 

After infection with HPAI virus, Muscovy duck TLR3 was upregulated at 24 HPI in the 

lung and brain, with sustained expression in the brain (even though this is a non-fatal infection in 

Muscovy ducks) (Jiao et al., 2012). There was no increased expression in the spleen. In contrast, 

transcriptomic data from Shaoxin mallard ducks infected with a HPAI H5N1 show increased 

TLR3 expression in the lungs, peaking on day 2 of infection (Huang et al., 2013). This 

discrepancy between the Muscovy duck and Shaoxin mallard TLR3 expression data may be due 

to the strains of virus used in the infection (DK212 vs. DK49; both H5N1) but not age of the 

birds as both experiments used 4-week old ducks. Chickens upregulated TLR3 in the lung during 

HPAI H5N1 infection when replicating virus was still present in lung tissues (Ranaware et al., 

2016). In reovirus infected ducks, TLR3 expression peaked at 72 HPI in the lung, while spleen 

and bursa showed a sustained response from 24 to 48 h (Zhang M. et al., 2015). These results are 

of interest as Reovirus infection in Muscovy duck can cause mortality in 20ï40% of infected 

animals (Malkinson et al., 1981; Wozniakowski et al., 2014). 

 

1.3.2 TRIF 

TRIF is the adaptor molecule downstream of TLR3 and TLR4 and provides a signaling 

platform to recruit other adaptor proteins and increase type I IFNs and proinflammatory cytokine 

expression (Figure 1.1). Similar to humans (Yamamoto et al., 2003), in uninfected tissues, ducks 

express TRIF most highly in the pancreas and spleen (Wei X. et al., 2016) (Figure 1.2B). 

Chicken TRIF expression was found to be highest in the cecum, heart, liver, spleen, and kidney 

(Wheaton et al., 2007). Expression of duck TRIF peaks at 12 h after treatment with poly (I:C), 

however, it peaks much later at 36 h post infection with IAV  (Wei X. et al., 2016), likely due to 
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viral suppression of IFN signaling pathways in infected cells. 

1.3.3 TLR7 

Human TLR7 produces a robust type I IFN response upon detection of IAV  or other 

ssRNA viruses using the MyD88-dependent pathway (Diebold et al., 2004; Lund et al., 2004). 

TLR7 is highly expressed by murine plasmacytoid dendritic cells (pDCs) and is located in 

endosomal compartments where it can detect incoming viral RNA (Diebold et al., 2004), and 

produce high levels of IFN-Ŭ. RNA from live and inactivated influenza virus can be detected by 

TLR7 in the endosome of pDCs, provided the hemagglutinin remains intact for receptor-

mediated viral entry (Diebold et al., 2004) TLR7 detection is thus known to induce IFN-Ŭ, and 

proinflammatory cytokines (Figure 1.1). Suggesting that the role of TLR7 and RIG-I signaling is 

complicated in influenza infection, Tlr7ī/īMavsī/ī knockout mice succumb quickly to a lethal 

influenza infection as expected, however infection with a low viral dose revealed that 

proinflammatory signaling promoted viral replication by recruiting susceptible monocytes (Pang 

et al., 2013). Oddly, humans have enhanced tissue expression of TLR7 in the brain, with lower 

expression in mucosal tissues (Uhlen et al., 2015). 

Tissue expression of TLR7 is notably different between healthy ducks and chickens 

(Figure 1.2B). Duck TLR7 is expressed the highest in spleen, bursa, and lung (MacDonald et al., 

2008; Kannaki et al., 2018). In chickens, basal TLR7 expression is highest in spleen, bursa, and 

intestine with very little expression in the lung (Iqbal et al., 2005; Philbin et al., 2005), initially  

suggesting that this distribution may play a role in chicken susceptibility  to HPAI strains that 

replicate in the lungs. However, the chicken macrophage cell line HD11 expresses high levels of 

TLR7 (Philbin et al., 2005), and both primary macrophages and heterophils constitutively 

express TLR7 in other studies (Kogut et al., 2005). The chicken atlas on the BioGPS server 

agrees with the previous studies in that TLR7 expression is limited in the lung, and higher in 

tissues such as the spleen, bursa, and immune cells (Bush et al., 2018). It is however worth 

noting that TLR7 basal expression in chickens is slightly variable depending on the breed and 

age of chicken sampled. Stimulation using TLR7 agonists decreased viral replication in chicken 

macrophages (Stewart et al., 2012; Barjesteh et al., 2014; Abdul-Cader et al., 2018), indicating 

TLR7 can induce IFNs in those cell types. Thus, chicken strains may vary with respect to TLR7 

expression. Ducks infected with HPAI upregulate TLR7 most highly in their lungs 2 DPI while 

chickens infected with the same virus had only a slight increase in expression at 1 DPI 
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(Cornelissen et al., 2013). In contrast, ducks infected with a LPAI H7N9 had only marginal 

upregulation of TLR7 In their lungs 0.8 DPI, while chickens had a significant increase in this 

expression 0.8 DPI (Cornelissen et al., 2012). 

1.3.4 MyD88 

MyD88 conveys the signal downstream of most of the TLRs, to induce an inflammatory 

response upon detection of pathogens (Figure 1.1). MyD88 signaling was found to be important 

for protecting mice during primary influenza infection, as MyD88ī/ī knockout mice were more 

susceptible (Seo et al., 2010). MyD88 may also be an important factor in initiating damaging 

cytokine storms in the host, since there was a significant reduction in proinflammatory cytokines 

and activated macrophages and neutrophils in the lungs of MyD88ī/ī mice, but not TRIFī/ī 

mice, following IAV  infection (Teijaro et al., 2014). Ducks have two isoforms of the myd88 

gene that have been characterized, named DuMyD88-X1 and DuMyD88-X2 (Cheng et al., 

2015b). DuMyD88-X2 is a truncated version that encodes a premature stop codon and produces 

a protein with an interruption in the TIR signaling domain. DuMyD88-X1 is highly expressed in 

uninfected ducks in all immune relevant tissues including the lung, intestine, and bursa, but it 

showed the strongest expression in the spleen (Figure 1.2B). DuMyD88-X2 was expressed in 

these same tissues but to a much lower extent than the X1 isoform. Both isoforms of MyD88 

could activate the IL-6 promoter and induce NF-əB activity in duck cells. In ducks challenged 

with NDV, the X1 isoform was upregulated in liver and spleen. Neither isoform was as highly 

expressed in the lung during NDV infection, and no studies have looked at the expression of 

these genes during influenza infection. Three isoforms of MyD88 have been found in chickens 

(named MyD88-1, 2, and 3) (Qiu et al., 2008). Chicken MyD88 (chMyD88) is the largest of the 

isoforms, and is ubiquitously expressed, which agrees with previous research on chMyD88 

expression although it is of note that these studies demonstrated slightly more chMyD88 

expression in the thymus, liver, and spleen than in other tissues tested (Wheaton et al., 2007). 

ChMyD88 is not significantly upregulated in DF-1 cells infected with influenza (Barber et al., 

2013). Upregulation in influenza-infected chicken tissues has not been explored, but MyD88 is 

upregulated by LPS treatment (Wheaton et al., 2007). As MyD88 plays a role in immune system 

derived damage during influenza infection in mammals, it would be interesting to know if  

chMyD88 activation is significantly different from the duck. 
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1.4 NLR Receptorsðthe NLRP3 Inflammasome 

1.4.1 NLRP3 

The NOD-like receptor family pyrin domain containing 3 (NLRP3) can form multi protein 

complex inflammasomes, which possess autocatalytic activity. This activity can activate caspase-

1 and induce the production of proinflammatory cytokines IL -1ɓ and IL -18 (Figure 1.1). NLRP3 

inflammasome induction can occur in immune cells such as macrophages (Pirhonen et al., 2001) 

and dendritic cells (Fernandez et al., 2016) and as well in other cell types such as fibroblasts and 

epithelial cells (Allen et al., 2009; Pothlichet et al., 2013). Deletion of NLRP3 in mice causes a 

decrease in immune cell recruitment to the site of infection and poor outcomes when infected 

with influenza (Allen et al., 2009; Thomas et al., 2009). 

Tissue expression of NLRP3 differs between ducks and chickens (Figure 1.2C). NLRP3 is 

fairly ubiquitously expressed in healthy chicken tissues but most highly expressed in chicken 

trachea and lung (Ye et al., 2015). Duck NLRP3, however, is most highly expressed in the 

pancreas with very low expression in the lung and slightly higher expression in the trachea (Li  et 

al., 2018). This expression profile is of interest as NLRP3 inflammasome activation has been 

associated with contributing to cytokine storms and severe pathology from influenza infection 

(Teijaro et al., 2014). We are unaware of studies detailing the NLRP3 inflammasome response to 

influenza infection in either chicken or duck. 

1.4.2 IRF1 

IRF1 is known to be an activator of IFNs though several mechanisms, but one of 

importance is its regulation of the NLRP3 inflammasome (Kuriakose et al., 2018) (Figure 1.1). It 

is thought that by regulating the NLRP3 inflammasome, IRF1 contributes to apoptosis and 

necroptosis during influenza infection. Kuchipudi et al. (2012) suggest that duck cells are more 

likely to become apoptotic when infected with IAV  than chicken cells. Indeed, DEF cells 

infected with HPAI strains that are known to cause severe symptoms in infected ducks had 

decreased apoptosis (Kuchipudi et al., 2012). Thus, IRF1 as a regulator of early apoptotic 

response is an interesting candidate to study in ducks. Human IRF1 is expressed highest in the 

spleen and the liver (Uhlen et al., 2015). Duck IRF1 (duIRF1) is most highly expressed in liver 

and spleen, followed by the pancreas, and digestive tissues such as the stomach and duodenum. 

Interestingly, it is expressed in very low levels in the lung and trachea (Qian et al., 2018) (Figure 

1.2C). The chicken atlas on the BioGPS server indicates that chicken IRF1 (chIRF1) expression 
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in healthy adult birds is highest in the lung, spleen, and thymus (Bush et al., 2018). 

 

Overexpression of chIRF1 in DF-1 cells caused a significant increase of IFN-ɓ, Mx, and 

MDA5 mRNA (Liu Y. et al., 2018). chIRF1 mRNA also substantially increased 12 HPI after 

infection with either IAV  or NDV. These transcripts rapidly dropped back down to basal levels 

after 12 h. Poly (I:C) stimulation of duck fibroblasts resulted in duIRF1 transcripts peaking at 12 

HPI and then decreasing, as in chicken cells. However, when these cells were infected with 

H5N1 the duIRF1 mRNA began to increase at 12 HPI and continued to increase until 48 HPI. 

The delay in the duck response may be due to strain differences between viruses used (Qian et 

al., 2018) as the chIRF1 study used A/Chicken/Shanghai/010/2008 (H9N2) while the duIRF1 

study used A/Duck/Hubei/hangmei01/2006 (H5N1). DuIRF1 interacts with MyD88 to increase 

IFN-ɓ independently of IRF7, and overexpression of duIRF1 not only upregulated Type I IFNs 

but also Type III  IFN (IFN-ɚ) (Qian et al., 2018). When ducks were infected with H6N2, duIRF1 

transcripts peaked at 36 HPI, rather late in infection compared to other ISGs or IFNs mentioned 

in this article. As duIRF1 does not signal downstream of RIG-I, it could be used as a secondary 

pathway to limit  viral replication. Overexpression of duIRF1 also limited H9N6 and H5N1 viral 

replication. 

1.5 Interferon  Responses and ISGS 

1.5.1 Type I IFNs 

Type I interferons include IFN-Ŭ and IFN-ɓ, both which are present in birds (Santhakumar 

et al., 2017). Airway epithelium, macrophages, and pDC are responsible for most of the type I 

IFNs produced during viral infection (Onoguchi et al., 2007; Khaitov et al., 2009; Crotta et al., 

2013). Plasmacytoid dendritic cells are known to produce much of the initial IFN-Ŭ (Ito et al., 

2005; Liu, 2005), and it is thought that the autocrine action of IFN-Ŭ on the pDCs upregulates 

antiviral factors such as Mx1 and thus protects against influenza infection (Cella et al., 1999). An 

early IFN response generally provides more positive outcomes in infection, and studies have also 

implicated type I IFN responses as a factor that can reduce pro-inflammatory cytokine release 

and thus limit  damage (Billiau, 2006; Guarda et al., 2011; Arimori et al., 2013). 

 

Both transcriptomic and qPCR studies have demonstrated that ducks have a robust but 

short response of type I IFNs in response to HPAI (Cagle et al., 2011; Vanderven et al., 2012; 
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Saito et al., 2018). Transcriptomic data demonstrated that lungs of ducks infected with a HPAI 

H5N1 strain had an increase in IFNA expression days 1 and 2 DPI (Huang et al., 2013). While 

IFNs are most strongly upregulated within the first 24 h, it should be noted that many ISGs have 

a sustained response for up to 3 DPI (Huang et al., 2013; Smith et al., 2015). Ducks infected with 

HPAI H5N1 strains A/goose/Guangdong/16568/2016 (GS16568), and 

A/duck/Guangdong/16873/2016 (DK16873) showed sustained responses of type I IFNs post 

infection. However, the time points used in these experiments were 12 HPI and 2 DPI (Wu et al., 

2019). While these highly pathogenic strains of flu could be eliciting sustained responses, other 

strains of H5N1 had the peak of IFN upregulation at 1 DPI (Saito et al., 2018). LPAI induces a 

relatively weak IFN response in ileum of infected ducks (Vanderven et al., 2012). 

In ducks infected with HPAI H5N1 strains VN1203 and D4AT, we found that IFN-Ŭ and 

IFN-ɓ were most upregulated 1 DPI in lungs and spleens of infected birds (Saito et al., 2018). 

The spleen had a greater increase in IFN-Ŭ transcripts compared to the lung, while lung showed 

higher upregulation of IFN-ɓ. This may reflect the relative contribution of different PRRs in 

these tissues; while TLRs are largely responsible for IFN-Ŭ, IFN-ɓ expression is largely RIG-I 

dependent (Opitz et al., 2007). By day 2 the IFN response had been reduced to mock infection 

levels. When testing the expression of IFN-Ŭ in primary avian cells infected with either H5N1 or 

H5N9, it was highest in duck cells at 12 and 24 HPI (Jiang et al., 2011). In chicken and turkey 

cells, IFN-Ŭ was most highly expressed at 24 HPI. 

Pre-treatment with IFN-Ŭ protects duck cells, but not adult ducks from IAV  infection. DEF 

cells treated with IFN-Ŭ show a reduced viral load as well as induction of many ISGs (Gao et al., 

2018b). Interestingly, pre-treatment of primary chicken lung cells and duck fibroblasts with IFN-

Ŭ before infection with IAV  reduced IFN-Ŭ production in both these cell types (Jiang et al., 

2011). The protective effects of IFN-Ŭ seem to be age dependent in the duck. When looking at 

survival rates of 2 days vs. 3 weeks old ducklings treated with rIFN-Ŭ before infection of HPAI 

H5N1, the treatment with IFN benefited the 2 days old ducklings but not the 3 weeks old ducks 

(Gao et al., 2018b). The rIFN-Ŭ dose may have been insufficient to protect the older ducks, or 

alternatively IFN-Ŭ is not protective. In contrast, 7 and 33-day old chickens treated with rIFN-Ŭ 

before exposure to a chicken-isolate H9N3 were both found to be protected (Meng et al., 2011). 

These results are of interest, as generally younger ducks are more susceptible to IAV  infection, 

and protection correlates with onset of RIG-I expression (Londt et al., 2010; Pantin-Jackwood et 
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al., 2012). The DK383 H5N1 virus used, which is lethal in ducks (Gao et al., 2018b), may impair 

RIG-I signaling, and IFN-Ŭ alone is not sufficient to protect the older ducks. Similarly, IFNB 

knockout mice are much more sensitive to influenza, suggesting IFN-Ŭ cannot fully  compensate 

(Koerner et al., 2007). These results seem to support the hypothesis that an early and quick 

response is more beneficial to the duck than a sustained type I IFN response. 

1.5.2 Type II  IFNs 

IFN-ɔ is classified as a type II  IFN and is secreted by NK cells, CD8+ lymphocytes and 

CD4+ T helper cells (Schroder et al., 2004). While IFN-ɔ has been found in some studies to be 

protective against influenza (Weiss et al., 2010), other researchers have shown that by knocking 

out the genes or knocking down gene expression in mice, absence of IFN-ɔ protected the mice 

from severe infection with pandemic H1N1 (Califano et al., 2018). Similarly, other studies in 

mice have shown that IFN-ɔ negatively regulates the survival of CD8+ T cells during influenza 

infection and limits the number of influenza specific memory cells available during an infection 

(Prabhu et al., 2013). 

CEFs treated with IFN-ɔ were more resistant to infection by H9N2 avian influenza virus 

and H1N1 human influenza virus. Stimulation with IFN-ɔ also increased IFN-Ŭ/ɓ, and Mx 

transcripts in these cells (Yuk et al., 2016). Likewise, DEF cells treated with recombinant duck 

IFN-ɔ showed significant decreases in viral replication with a HPAI H5N1. Two-day old ducks 

were pre-treated with IFN-ɔ before being infected with DK383 IAV  serotype H5N1. In these 

experiments 6/10 ducks that were pre-treated survived the infection at 10 DPI, while in PBS 

treated controls only 2/10 ducks survived (Gao et al., 2018a). As age played a factor in IFN-Ŭ 

pre-treatment reducing viral load in ducks, it would be worthwhile to repeat these experiments in 

older ducks. To our knowledge no studies have investigated whether duck IFN-ɔ influences the 

development of memory T cells during IAV  infection. 

1.5.3 Type III  IFNs 

Type III  IFNs induce an antiviral state like that of type I IFNs but use different receptors 

for detection. Additionally, type III  IFN receptors are expressed predominantly in airway 

epithelial cells and intestinal epithelia (Sommereyns et al., 2008), unlike type I IFN receptors, 

which are more ubiquitously expressed. Ducks and chickens express one kind of type III  IFN 

(IFN-ɚ) (Karpala et al., 2008; Yao et al., 2014; Santhakumar et al., 2017) whereas other 

vertebrates produce one to four different type III  IFNs, depending on the species (Kotenko et al., 
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2003; Chen et al., 2016). 

Primary CEF and DEF cells both produce IFN-ɚ (chIFN-ɚ and duIFN-ɚ, respectively) in 

response to both poly (I:C) stimulation and infection with a mouse-adapted strain of H1N1 

(Zhang Z. et al., 2015). Interestingly, DEF cells produce less IFN-ɚ transcripts when stimulated 

with poly (I:C) or infected with H1N1 than CEF cells. These same DEF cells also highly 

upregulate IFN-ɚ receptor transcripts at 36 HPI whereas the CEF cells highly express the 

receptor transcripts at 8 HPI and continue to do so until 36 HPI. A separate study found that 

chIFN-ɚ was unable to induce an antiviral state in the chicken fibroblast DF-1 cell line when 

infected with a HPAI H5N1, indeed the cells were not able to respond to recombinant chIFN-ɚ 

until they were transfected with the receptor (Reuter et al., 2014). This discrepancy may be due 

to the use of primary cells in one study and an immortalized cell line in the other. Immortalized 

cells often drastically change genotype and so the DF-1 cells may have stopped expressing the 

chIFN-ɚ receptor. High levels of the chIFN-ɚ receptor transcripts were found in the lung, trachea 

and intestine (Zhang Z. et al., 2015), suggesting that like chIFN-ɚ receptor expression is like that 

of humans. There is currently very little research on duIFN-ɚ, its receptor or antiviral activity, 

making this a promising candidate for future studies into IAV  resistance in the duck. 

1.6 Other Antiviral  proteins of Interest 

1.6.1 TRIM proteins 

TRIM proteins are a large family of intracellular proteins with diverse functions such as 

cell cycle regulation, autophagy, proteasomal degradation, development, and immunity which 

have been comprehensively reviewed (van Gent et al., 2018). Most interestingly, some of these 

proteins allow species-specific protection from viruses through viral restriction. One of the first 

TRIM proteins discovered, the alpha isoform of TRIM5 (TRIM5Ŭ) was found to restrict HIV in 

non-human primates, while the human ortholog was unsuccessful in restricting this virus 

(Stremlau et al., 2004; Sawyer et al., 2005). This highlights the evolutionary relationship these 

proteins have with pathogens and suggests that members of this protein family might be 

providing their host species a significant advantage. 

A study from 2008 listed 38 TRIM genes in chicken, compared to human, rat, mouse, dog, 

and cow on their TRIMgene online database (Sardiello et al., 2008). Very few studies have been 

done on avian TRIM proteins. Avian TRIM25 has a specific role in the activation of RIG-I as 

discussed above in section TRIM25 (Rajsbaum et al., 2012; Miranzo-Navarro et al., 2014). A 
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family of related TRIM genes was discovered in the avian MHC-B locus in both chicken (Ruby 

et al., 2005; Shiina et al., 2007) and duck (Blaine et al., 2015), with the MHC location suggesting 

this gene expansion may have arisen from pathogen pressures. The set of TRIM proteins in the 

MHC-B locus of birds all contain the B30.2/PRYSPRY C-terminal domain motif. Proteins 

containing this domain have recently expanded in TRIM protein evolution (Sardiello et al., 

2008). The PRYSPRY domain is thought to be able to recognize specific amino acid sequences 

rather than peptide motifs, giving it pathogen specific activity (James et al., 2007; D'Cruz et al., 

2013). Ducks also have an expanded butyrophilin gene family, proteins which also contain a 

B30.2/PRYSPRY domain (Huang et al., 2013). 

Of the expanded TRIM genes in the duck MHC, TRIM27.1, and TRIM27-L were found to 

have antagonistic functions in the MAVS signaling pathway (Blaine et al., 2015). TRIM27-L 

significantly increased IFN-ɓ signaling in a dose dependent manner while TRIM27.1 slightly 

decreased this same signaling in DF-1 cells. When co-expressed TRIM27-L activity overrode the 

inhibition of TRIM27.1. Curiously TRIM27-L appears to have been lost in Galliformes while 

being retained in Anseriformes, other birds and reptiles. As the Galliformes have also lost RIG-I 

it seems that either TRIM27-L expression was detrimental and thus lost in evolution or provided 

no benefit. Further, TRIM27.1 expression is higher in infected tissues than TRIM27-L. As the 

decrease in IFN-ɓ was only slight, it could be that TRIM27.1 is playing another role in infection. 

TRIM27.1 may be upregulated to inhibit influenza without influencing cytokine signaling, as 

TRIM32 does in some human cell types (Fu et al., 2015). Of the chicken MHC-B TRIM genes, 

only TRIM39 has been cloned and tissue expression analyzed, but no function has been 

determined (Pan et al., 2011). 

TRIM23 was identified as a differentially expressed gene in a microarray study from ducks 

infected with both HPAI and LPAI strains of IAV,  as upregulated 5 DPI in LPAI but not HPAI 

infections (Kumar et al., 2017). TRIM23 is an ancient TRIM with well-conserved structural 

homology, and uses its ADP-ribosylation factor (ARF) domain to activate TBK1 through 

GTPase activity (Sparrer et al., 2017). TBK1 then activates selective autophagy, controlling viral 

replication. This is an interesting observation as LPAI virus can replicate in ducks for many days 

past initial infection, and the upregulation of TRIM23 suggests it is worth investigating whether 

it affects viral replication. 

Finally, TRIM62 was identified as a retroviral restricting protein in chicken cells (Li et al., 
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2019), and until recently TRIM62 was only known to function in innate immune signaling 

augmentation in fish (Yang et al., 2016). It is not known to be antiviral in mammals. TRIM62 

can restrict retroviruses in chickens, but no investigation of anti-IAV  potential of this protein has 

been done in chickens or ducks. 

1.6.2 avIFIT 

Interferon-induced proteins with tetratricopeptide repeats (IFITs) are a family of proteins 

which have diverse functions in the cell such as mediating apoptosis, sequestering viral proteins 

and cell cycle regulation and have been extensively reviewed (Diamond et al., 2013; Fensterl et 

al., 2015). IFITs have undergone duplication in mammals, fish and frogs, while ducks and 

chickens only have a single IFIT gene (avIFIT) (Zhou et al., 2013). Evolutionary analysis of 

duck avIFIT found that it most closely resembled mammalian IFIT5 (Wang et al., 2015; Rong et 

al., 2018a). Human IFIT5 is effective in restricting RNA virus replication by both interacting 

with immune signaling components (i.e., RIG-I and MAVS) (Zhang et al., 2013) and by binding 

5ᾳ-ppp viral RNA (Abbas et al., 2013). In chickens, avIFIT (called IFIT5 by the authors) inhibits 

viral replication by interacting with 5ᾳ-triphosphate viral RNA and blocking subsequent 

replication steps (Santhakumar et al., 2018), similar to the mechanism of IFIT1 and IFIT5 in 

mammals (Abbas et al., 2013; Habjan et al., 2013). 

Duck avIFIT is constitutively expressed in all tissues at basal levels but shows highest 

expression in digestive tissues such as intestine and stomach, although the expression levels in 

these tissues is still relatively low (Wang et al., 2015). To date we are unaware of any data on 

basal expression levels of avIFIT in the chicken. IFIT5 has low tissue specific expression in 

humans (Uhlen et al., 2015). Despite the slight differences in expression between humans and 

ducks, IFIT5/avIFIT is highly upregulated in both these species when induced by IFNs. 

Similarly, studies have demonstrated that avIFIT is upregulated during influenza infection in 

chicken intestinal epithelial cells when infected with LPAI (Kaiser et al., 2016) as well as in 

lungs of chickens infected with HPAI H5N1 (Ranaware et al., 2016). 

When both human and chicken IFIT5 were overexpressed in chicken cells, they were 

found to inhibit viral replication and likewise, when chicken IFIT5 was knocked out from these 

cells, they were much more susceptible to infection (Santhakumar et al., 2018). Chicken avIFIT 

is found near the mitochondria in chicken cells, and as human IFIT5 interacts with both RIG-I 

and MAVS in infected cells, it would be worthwhile to investigate subcellular location of duck 
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avIFIT. DF-1 cells were depleted of chicken avIFIT and transfected with duck avIFIT (Rong et 

al., 2018a). Duck avIFIT can inhibit IAV  in DF-1 cells and was shown to do so by both 

upregulating IFNŬ/ɓ and by binding the viral nucleoprotein (NP) from an H5N1 flu strain. This 

antiviral activity was not limited to only influenza virus, as in these experiments duck avIFIT 

also restricted double-stranded RNA and DNA viruses. Interestingly, in these DF-1 cells duck 

avIFIT also arrested cell growth in both infected and uninfected cells. 

1.6.3 Mx 

Mx1 is an ISG which is highly upregulated in response to viral infection, whose function 

and regulation as been recently reviewed (Haller et al., 2015). It acts as an antiviral effector and 

belongs to a large family of GTPases. Both humans and mice have two Mx genes while birds 

have one. Mx was found to be protective in laboratory mice, as many lab strains were found to 

have isoforms of Mx1 with exon deletions that left these mice more susceptible to influenza 

infection than mice with intact Mx1 (Lindenmann, 1962; Horisberger et al., 1983; Staeheli et al., 

1988). 

Mx is upregulated strongly in brain, lung and spleen of ducks that show a strong IFN 

response to infection (Smith et al., 2015; Saito et al., 2018). Mx alleles are highly variable in 

ducks (Dillon et al., 2010), however only a few of them have been experimentally analyzed for 

antiviral function. When transfected into mouse or chicken cells, duck Mx was not able to 

restrict IAV  replication (Bazzigher et al., 1993). Chicken Mx weakly inhibits influenza, and that 

ability is dependent on the breed of chicken that the Mx was cloned from (Ko et al., 2002; Fulton 

et al., 2014), indicating high diversity in avian Mx. Chicken Mx also appears to be missing the 

GTPase activity of mammalian Mx proteins, suggesting this may be why antiviral activity has 

been weak at best in previous studies (Schusser et al., 2011). While more research on allelic 

variants and their potential to restrict IAV  should be done, it is also possible that due to the close 

evolutionary relationship between IAV  and ducks, the virus has evolved the ability to evade 

avian Mx during infection. 

1.6.4 OASL 

Interferon-inducible 2ᾳ-5ᾳ-oligoadenylate synthase (OAS) and OAS-like protein (OASL) 

are two related ISGs in humans, which are known to restrict influenza. OAS senses and degrades 

dsRNA through synthesis of oligoadenylates, which in turn switches on RNase L activity (Sarkar 

et al., 1999a,b; Justesen et al., 2000; Silverman et al., 2014). RNase-L then degrades all mRNA 
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in the cell (including ribosomal RNA), thus blocking viral replication. OASL inhibits viral 

replication independently of enzymatic activity by stabilizing the interaction of RIG-I and 

MAVS in a similar manner to that of ubiquitinylation by TRIM25. OASL has C-terminal 

ubiquitin-like domains that stabilize RIG-I CARD oligomers, thus potentiating downstream IFN 

signaling (Zhu et al., 2014; Ibsen et al., 2015). Birds do not appear to have OAS, but have OASL 

(Sokawa et al., 1984; Tag-El-Din-Hassan et al., 2018). Unlike human OASL, duck OASL has 

oligoadenylate synthetase activity, as well as the ability to restrict viral RNA in an RNase L 

independent manner (Rong et al., 2018b). It appears duck OASL functions as both human OAS 

and OASL, as it can activate both RNase L and RIG-I pathways. Chicken OASL has been found 

to inhibit WNV in mammalian cells (Tag-El-Din-Hassan et al., 2012). Chicken OASL is highly 

upregulated in tracheal epithelial cells 24 HPI (Jang et al., 2015). Both ostrich and duck OASL 

transfected into chicken DF-1 cells could control replication of both HPAI and LPAI influenza 

virus (Rong et al., 2018b). When OASL was knocked out of DF-1 cells, the cells became more 

permissive to influenza infection. Consistent with a role in augmenting innate signaling, 

overexpression of either ostrich or duck OASL also significantly increased the expression of 

RNase L, as well as other important immune effectors such as IFNŬ, IFNɓ, IRF1, IRF7, Mx, and 

PKR. 

1.6.5 PKR 

The double-stranded RNA (dsRNA)-dependent protein kinase (PKR) is an ISG which 

functions as both an antiviral effector and anti-proliferative protein during infection (Garcia et 

al., 2006). PKR binds foreign dsRNA in the cytoplasm and auto-phosphorylates in order to 

become active, at which point it then phosphorylates eukaryotic initiation factor 2 (eIF-2Ŭ) 

causing broad inhibition of protein translation in the cell (Galabru et al., 1987; Hovanessian, 

1989). PKR has two N-terminal dsRNA-binding domains, which are both able to recognize viral 

RNA (Nanduri et al., 1998), and one C-terminal kinase domain. 

PKR is an important antiviral effector in mice infected with IAV,  as shown by the 

increased fatality rate of PKR knockout mice when infected with the H1N1 strain WSN 

(Balachandran et al., 2000). Chicken PKR has been functionally characterized and determined to 

be antiviral against VSV (Ko et al., 2004). Studies have shown that PKR is upregulated 

significantly during HPAIV H5N1 infection, even in lethal infections in the chicken where IFN 

production is limited (Daviet et al., 2009). The non-structural protein 1 (NS1) of IAV  inhibits 
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IFN responses in cells through interactions with OAS and PKR (Ma et al., 2010). Indeed, NS1 

from HPAI H5N1 in a HPAI H7N9 background bound and inhibited PKR in chicken embryos. 

PKR is upregulated in ducks infected with both HPAI and (to a lesser extent) LPAI virus 

(Fleming-Canepa et al., 2019) but to date we are unaware of any studies functionally 

characterizing duck PKR during influenza infection. We previously thought that ducks appeared 

to be missing the second dsRNA-binding domain (Fleming-Canepa et al., 2019), also confirmed 

by another group (Liu W. J. et al., 2018). However, through transcriptomic assembly done in our 

lab we have since found a transcript of the full -length PKR, which contains the second dsRNA-

binding domain previously thought to be missing. This find suggests that ducks may 

predominantly express a splice variant of PKR missing the dsRNA-binding domain, or that this 

splice variant is preferentially amplified during PCR. Interestingly, it has been suggested that 

NS1 needs to bind both the kinase domain of PKR and residues 170ï230 to keep PKR in an 

inactive conformation and prevent it from responding to dsRNA (Li  et al., 2006). These residues 

correspond to the second RNA binding domain and the linker region of the protein. The two 

variants of duck PKR may allow ducks to respond to viral RNA despite NS1 antagonism. Duck 

PKR needs to be functionally characterized to determine not only its antiviral potential, but also 

expression levels of the full -length transcript. 

1.6.6 Viperin 

Viperin (RSAD2) is highly induced by Type I IFN, and many RNA virus infections. 

Viperin inhibits IAV  by perturbing lipid rafts and thus inhibiting viral budding (Wang et al., 

2007). Duck viperin is most highly expressed in blood, intestine, lung, and spleen in healthy 

birds (Zhong et al., 2015). Chicken viperin was upregulated in both spleen and lung of IAV  

infected birds after 24 h (Goossens et al., 2015). It was also upregulated in chicken splenocytes 

as early as 6 h after poly (I:C) stimulation. In Newcastle disease (NDV) infected ducks, viperin 

was found to be highly upregulated after 24 h in the blood and peaked in expression in the lung 

and brain at 72 HPI (Zhong et al., 2015). Viperin is one of the most highly upregulated genes in 

duck lungs in response to H5N1 HPAI infection (Fleming-Canepa et al., 2019), however, the 

levels of viperin expression in chickens infected with the same strain of H5N1 was not 

mentioned (Smith et al., 2015). Ducks also significantly upregulated viperin in response to LPAI 

in the lung, but curiously not in the ileum (Fleming-Canepa et al., 2019). 

1.6.7 IFITMs 
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Interferon-inducible transmembrane proteins (IFITMs) are upregulated upon viral 

infection, and have antiviral activity (Diamond et al., 2013). This viral restriction usually 

happens during entry in either the early or late endosomes. Human IFITM1, IFITM2, and 

IFITM3 have all been shown to restrict IAV  in vitro (Brass et al., 2009). The naming of the avian 

IFITMs has been complicated by the evolutionary history of gene duplication in this region 

during speciation, but sites for post-translational modifications identify IFITM3 as the gene next 

to B4GALNT4 (Smith et al., 2013), and the duck orthologs follow the same synteny (Blyth et al., 

2016). 

 

IFITM3 restricts IAV  in both duck and chicken cells. Ducks upregulated all IFITMs 

including IFITM1, IFITM2, and IFITM3 in both lung and ileum during infection with HPAI, 

whereas chickens showed minimal upregulation of IFITMs (Smith et al., 2015). When duck 

IFITM1, IFITM2, IFITM3, and IFITM5 were overexpressed in DF-1 cells and challenged with 

LPAI, only IFITM3 significantly decreased viral infection (Blyth et al., 2016). Chicken IFITM3 

is also able to restrict both IAV  and lyssa virus in DF-1 cells (Smith et al., 2013). As IFITM1 and 

IFITM2 also control IAV  in humans, it may be that host-pathogen co-evolution has allowed the 

virus to evade these proteins in ducks. Notably, duck IFITM1 has an insertion in exon 1, which 

changes the sub-cellular localization of the protein (Blyth et al., 2016), or it would restrict 

influenza. A 2017 study found that when duck IFITM2 was transfected into DF-1 cells it could 

control the replication of avian Tembusu virus (Chen et al., 2017). Avian Tembusu virus is a 

positive sense RNA virus belonging to the Flaviviridae family (Zhang et al., 2017). As IFITM2 

restricts this virus but not IAV,  it is possible that either the mammalian IFITM2 developed the 

ability to restrict IAV  later in evolution, or that the avian strains we tested have evolved to 

escape from IFITM2. The upregulation of IFITM2 during IAV  infection is most likely due to 

interferon stimulation and is not virus specific. 

1.7 A Note on Missing Genes and Dark  DNA 

Throughout this review we have spoken about genes that are presumed missing from 

ducks, chickens or birds in general. Because bird genomes contain many GC rich areas (Hron et 

al., 2015), they are notoriously hard to amplify using PCR based methods. As such, genes may 

be presumed missing in next generation sequencing applications, as well as with exploratory 

PCR based methods. This leaves many genes thought to not exist in birds, simply undiscovered. 
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Such was the case with tumor necrosis factor alpha (TNFŬ), which for years was thought to not 

exist in chickens. It was recently cloned and characterized from chickens and found to have very 

low homology to mammalian orthologs, as well as have a high GC content (Rohde et al., 2018). 

We have also updated the full -length sequence of PKR that was formerly thought to be missing 

specific domains. One method to help with finding undiscovered genes from next gen 

sequencing data is using more advanced de novo assembly methods on combined RNA-seq data. 

With advances in NGS technology and new software development to analyze fragmented GC 

rich RNA-seq data, we will  be able to better mine transcriptomes for genes as well as gain 

insight into avian immune system evolution. Furthermore, a wealth of genome information from 

many avian species is becoming available. 

1.8 Conclusions 

In this review, we summarize recent advances in understanding PRR in ducks, comparing 

them to chicken PRR, and analyzing their downstream signaling adaptors. We also investigated 

tissue expression of these innate immune components to try to gain insight into where these 

proteins were most expressed. Higher tissue expression of PRRs and their effectors may allow 

ducks to respond more quickly to IAV  in a tissue-specific manner. A rapid and robust response 

that is quickly dampened could allow ducks to limit  damage from inflammatory sequelae. Duck 

RIG-I and MDA5 are most highly expressed in the trachea, lung and intestines, areas of both 

HPAI and LPAI influenza replication (Figure 1.2A). However, the downstream adaptor 

molecules TBK1, TRAF3 and IRF7 are mostly expressed in digestive tissues with very little 

basal expression in the lung. This contrasts with chickens, which have high expression of these 

proteins in the lung. This pattern may circumvent out-of-control inflammatory reactions to HPAI 

and be protective to the duck, but further investigation is needed to confirm this. Duck TLR3 is 

most highly expressed in the trachea, while duck TLR7 is highest in the lung, fitting a similar 

pattern to the RLRs (Figure 1.2B). There appears to be a similar pattern of low lung expression 

of the adaptor of TLR3, TRIF, but there is no data on duck tracheal expression of TRIF to 

confirm this. Likewise, chicken TRIF basal expression has not yet been looked at in respiratory 

tissues. NLRP3 has high relative expression in chicken lungs, whereas ducks have higher basal 

expression in their hearts (Figure 1.2C). It is interesting to note that ducks seem to express PRRs 

at a high basal level in areas where influenza replicates, but the adaptor molecules are much less 

expressed in lung and respiratory tissues, the areas of HPAI replication. As more tissues are 
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investigated, transcriptome mining for expression levels of these PRRs and adaptors, where 

missing, may help a complete picture to emerge. 

Throughout this review we summarize the function and regulation of PRRs in chickens, 

ducks, and humans during IAV  infection. While the differences in the RLR pathway are well-

studied in ducks, there are currently few studies on TLR and NLR and their adaptor molecules in 

ducks during IAV  infection. As these pathways converge and co-regulate each other, this is a 

very important piece of the story that is missing. Likewise, many proteins mentioned in this 

paper have been studied at the regulation level, but very few have been functionally and 

biochemically characterized. 

We acknowledge that much of the work is yet to be done characterizing adaptor proteins in 

IFN and pro-inflammatory cytokine signaling networks. Investigation of these regulatory 

proteins in ducks and other birds, will  allow us to see the conserved mechanisms, and find those 

that are not. Further, we acknowledge the bias that most immunological research looks at 

positive regulators of innate signaling. However, as ducks are equally adept at initiating and 

shutting down inflammatory responses, we should also begin to investigate inhibitory proteins 

and their expression and function. It should also be noted that functional studies in innate 

immunity in both ducks and chickens are limited. As such, data on PRR tissue expression and 

upregulation is often limited to small sample groups. Tissue expression can vary with age and 

breed of animals, and all studies discussed here used domestic breeds of ducks. When looking at 

tissue expression of genes as a potential route of resistance, it may be beneficial to also look at 

gene expression in wild mallards, which are constantly adapting and evolving with IAV.  Indeed, 

it would be worthwhile understanding the allelic diversity of PRR genes and variation in function 

across many species of wild ducks. This may give us more insight into detection and resistance 

to IAV  in its natural host and reservoir, the mallard duck. 
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Figure 1.1. Influenza A virus is detected by several different  innate immune signaling 

proteins in the cell. RIG-I and MDA5 both can bind to viral RNA and signal downstream 

through MAVS, TBK1, and IRF7. Viral fusion can also be detected by the endoplasmic 

reticulum localized STING, which then signals through TBK1 to induce interferon production. 

TLRs located in the endosome can recognize viral RNA and signal through different adaptor 

proteins to induce proinflammatory cytokines and IFNs. TLR3 uses TRIF as an adaptor protein 

to amplify signaling through TRAF3 or TRAF6, while TLR7 uses the adaptor MyD88 to signal 

through TRAF3. TLR signaling through MyD88 can also activate the NLRP3 inflammasome, 

which increases pro-inflammatory cytokine production through IRF1. 
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Figure 1.2. Basal tissue expression of genes in uninfected ducks compared to those in 
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chickens. Tissue expression is shown for components of RLR (A), TLR (B), and NLRP3 

inflammasome (C) signaling pathways. We show relative expression of each gene studied in 

those tissues. High relative basal gene expression is denoted by red, while lower expression is 

indicated by pinks and whites. Gray coloring indicates no data available for the gene in the 

indicated tissue. All  data was extracted from individual studies in this review, and color scales 

are relative for data from individual studies. All  data is for mallard duck, except RIG-I and 

MDA5, which are Muscovy duck. Data obtained for chicken MDA5, MAVS, and IRF1 were 

obtained from the chicken atlas (http://biogps.org/), and averages for each tissue in adult 

chickens were used to estimate relative expression.
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CHAPTER 2 

TRIM  protein family  evolution in direct and indirect  restriction  of Influenza A virus 

 

This chapter outlines the current understanding of the evolution of TRIM genes, and 

highlights TRIM genes involved in indirect pathway modulation of anti-viral signaling pathways 

implicated in restriction of influenza A virus (IAV)  in the cell as well as direct antiviral activity 

of TRIM proteins which target IAV.  A comprehensive review of genes involved in IAV  

restriction in ducks compared to chickens and humans can be found in Chapter 1, while this 

chapter focuses on TRIM protein restriction of influenza A virus through augmentation and 

restriction, specifically. 

 

2.1 Introdu ction  

TRIM proteins are named for their conserved N-terminal tripartite motif. This motif 

consists of a RING domain, one or two B-box domains, and a coiled-coil domain (Ozato et al., 

2008; Meroni, 2012). The RING domain usually acts as an E3 ubiquitin ligase domain and 

catalyzes the reaction of adding ubiquitin to substrate proteins (Ardley et al., 2005; Metzger et 

al., 2014). RING domains also can allow some TRIM proteins to form higher-order structures or 

oligomerize. The RING domain of TRIM proteins is a zinc-binding domain, and a canonical 

RING structure is Cys-X2-Cys-X(9-39)-Cys-X(1-3)-His/Cys-X(2-3)-Cys/His-X(4-48)-Cys-X2-Cys 

(Borden et al., 1996). The conserved cysteine and histidine residues are located in the fold of the 

domain and aid in forming a cross-brace structure through their interactions with two zinc atoms 

(Massiah, 2019). TRIM RING domains are classified as RING-H2 or RING-C2 depending on 

the residue located at the fifth  conserved site.  

 B-box domains are related to RING domains in that they are also zinc-binding domains 

with conserved cystine and histidine residues. B-box domains in TRIM proteins consist of either 

a tandem B-box type I followed by a B-box type II  domain, or a singular B-box domain (Usually 

B-box Type II)  (Massiah, 2019). The B-box type I consensus sequence is Cys-X2-Cys-X(6-17)-

Cys-X2-C-X(4-8)-Cys--X(2-3)-Cys/His-X(3 -4)-His-X(5-10)-His [C5(C/H)H2] while the B-box type 2 

consensus sequence is Cys-X(2-4)-His-X(7-10)-Asp/Cys(4-7)-Cys-X2-Cys-X(3-6)-His-X(2-5)-His 
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[CHC(D/C)C2H2]. B-box type I structure more closely resembles the fold structure seen in 

RING domains (Meroni, 2012). B-box domain function is less well understood than other 

domains, however RINGless TRIM proteins such as TRIM16 and TRIM29 can both confer E3 

ubiquitin ligase activity, and it is suggested this activity comes from their B-box domains (Bell et 

al., 2012; Xing et al., 2016). B-box domains also aid in oligomerization and heterodimerization 

of TRIM proteins to increase E3 ubiquitin ligase activity of RING domains (Wallenhammar et 

al., 2017; Dickson et al., 2018). 

 Coiled-coil domains are often associated with higher order assembly and oligomerization 

of TRIM proteins. In both TRIM5Ŭ and TRIM25, the coiled-coil domain forms anti-parallel 

hairpin dimers (Sanchez et al., 2014). TRIM32 also oligomerizes using its coiled-coil domain 

(Koliopoulos et al., 2016). This self-association of TRIM proteins through their various domains 

has been suggested as necessary for these proteins to have catalytic activity.  

 TRIM proteins have variable C-terminal domains which further break them down into 

subfamilies. The C-terminal domains of TRIM proteins are thought to offer substrate specificity 

to these proteins and are what aid this incredibly diverse family of proteins to have so many 

different target substrates, and cellular functions. TRIM proteins are broken down into 11 

subfamilies, depending on the variable C-terminal domain present (Short et al., 2006; Ozato et 

al., 2008; Watanabe et al., 2017). With this designation, there are 11 subfamilies of TRIM 

proteins, denoted as C-I to C-XI (Figure 2.1).  

 In the following sections we will  outline when these different C-terminal domains first 

appeared in eukaryotic evolution, as defined by Marín and colleagues (Marín, 2012), as well as 

document general function and associations of these subfamily members. We will  then provide a 

comprehensive review of TRIM proteins that augment antiviral signaling pathways in the cell, 

and TRIM proteins that directly restrict IAV.  These sections summarize research done on 

mammalian TRIM proteins, unless otherwise noted. Finally, we summarize what is known about 

antiviral TRIM proteins in invertebrates, and lower vertebrates. 

 

2.2 TRIM  genes in eukaryotes 

The following sections details TRIM37, the hypothesized ancestral TRIM, which appears 

to be present in all eukaryotes.   

2.2.1 C-VIII  
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The C-VIII  subfamily is composed of one member, TRIM37. The defining characteristic of the 

C-VIII  subfamily is the merpin and TRAF homology (MATH) domain.  

 TRIM genes initially  were considered to be metazoan specific, with vast expansions of 

the gene family in vertebrates (Sardiello et al., 2008). However, a study by Marín (2012) found 

TRIM37 homologs in almost all branches of eukaryotes, including in fungi, plants and various 

classes of protists. This study suggested that TRIM genes and TNF-receptor associated factor 

(TRAF) genes may share distant ancestry. TRAF proteins share similar domain architecture to 

TRIM37, although instead of the classical RING-B-box-CC-MATH domains seen in TRIM37, 

TRAF proteins have a RING domain followed by 1 to 7 TRAF specific cystine rich regions, and 

finally a C-terminal MATH domain (Park, 2018). The TRAF-specific cysteine-rich regions have 

an analogous zinc-binding cross-bracing architecture to that seen in TRIM B-box domains 

(Marín, 2012). It was suggested that TRAF genes arose in metazoans and that TRIM37-like 

genes are ancestral to both all TRIM genes and TRAF genes, however, the analysis performed 

only looked at MATH domain ancestry between these groups. As the MATH domains were 

approximately 100 AA in size, the bootstrap values between groups were too low to make 

conclusions of ancestry. Additionally, TRAF genes have now been identified in plants, 

suggesting that TRAF genes could be ancestral to modern TRIM genes (Qi et al., 2022).   

 

2.3 TRIM  genes in animals 

The following sections detail the TRIM proteins which arose early in metazoan evolution 

and have members present in all animals. 

2.3.1 C-I 

The C-I subfamily is defined by its C-terminal subgroup one signature (COS), 

fibronectin, type III  (FN3) and pre-SPRY splA kinase and ryanodine receptor (PRYSPRY) 

domains. The members of this subfamily include: TRIM1/MID2, TRIM9, TRIM18/MID1, 

TRIM36, TRIM46, TRIM67, TRIM76/CMYA5, FSD1, FSD2, FSD1L.  

The C-I subfamily of TRIM proteins have diverse functions. For example, TRIM9, 

TRIM46 and TRIM67 are considered brain-specific TRIM proteins, involved with various 

aspects of neuronal maintenance and development (Berti et al., 2002; Tanji et al., 2010; van 

Beuningen et al., 2015; Boyer et al., 2018).  TRIM1 and TRIM18, however, function in cell 
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migration, epithelial-mesenchymal transition and cytokinesis (Zanchetta et al., 2019; Qiao et al., 

2020). 

2.3.2 C-II  

The C-II  subfamily is defined by its C-terminal COS and acid domains. The members of 

this subfamily include TRIM54, TRIM55, TRIM63. These genes were initially  termed muscle 

RING fingers (MuRFs). As the name describes, these genes are highly upregulated in muscle 

cells and are involved in skeletal muscle development (Foletta et al., 2011a; Perera et al., 2012; 

Rom et al., 2016) and protein homeostasis in muscle cells (Spencer et al., 2000; Foletta et al., 

2011b). 

2.3.3 C-VII 

The C-VII  subfamily is defined by its C-terminal filamin domain (FIL) and multiple 

NCL-1, HT2A and Lin-41 repeats (NHL) domains. The members of this subfamily include 

TRIM2, TRIM3, TRIM32, TRIM71 and NHLRC1. The NHL domains are associated with RNA-

binding activity (Goyani et al., 2021). Both TRIM32 (Hammell et al., 2009) and TRIM72 

(Maller Schulman et al., 2008; Chang et al., 2012) are RNA-binding proteins (RBP) that can 

bind RNA using their NHL domains (Loedige et al., 2013), and thus help regulate transcriptional 

activity in the cell.  

2.3.4 C-X 

The C-X subfamily member, TRIM45 is defined by its C-terminal FIL domain. TRIM45 acts as 

a tumor suppressor (Zhang et al., 2017; Peng et al., 2020) and transcriptional suppressor (Wang 

et al., 2004).  

 

2.4 TRIM  genes in bilaterians 

This section details the TRIM proteins which first arose in the bilaterian group of animals. 

2.4.1 C-VI 

The C-VI subfamily is defined by its C-terminal plant homeo domain (PHD) and 

bromodomain (BROMO). The members of this subfamily include TRIM24, TRIM28, TRIM33 

and TRIM66. The members of the subfamily are known to modify transcriptional activity (Liang 

et al., 2011; Agarwal et al., 2021) and it is thought that the C-terminal PHD and BROMO 

domains help target these proteins to specific histones to aid this function (Chen et al., 2019).  

2.4.2 C-IX 
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The C-IX subfamily is defined by its C-terminal ADP ribosylation factor-like (ARF) 

domain. TRIM23 is the lone member of this subfamily. The ARF domain of TRIM23 has GTP-

ase activity, that is activated upon non-classical K27-linked self-ubiquitination of the ARF 

domain (Hatakeyama, 2017; Sparrer et al., 2017). TRIM23 is associated with autophagic 

processes in the cell. 

 

2.5 TRIM  genes in vertebrates 

The following sections detail the TRIM proteins which arose in vertebrate evolution and 

have rapidly expanded since then. 

2.5.1 C-III  

The C-III  subfamily is defined by its C-terminal COS and FN3 domains. The sole 

member of this subfamily is TRIM43. TRIM43 is a centrosomal protein in mammals which was 

identified as a restriction factor of herpes virus but remains largely understudied (Full et al., 

2019).  

2.5.2 C-IV 

The C-IV subfamily is defined by its C-terminal PRYSPRY domain and is one of the 

subfamilies of TRIM genes which has gone through the most species-specific expansions. In 

mammals, the members of this subfamily include (but are not limited to): TRIM1, TRIM1L, 

TRIM4, TRIM5, TRIM6, TRIM7, TRIM10, TRIM11, TRIM12, TRIM14, TRIM15, TRIM 16, 

TRIM16L, TRIM17, TRIM21, TRIM22, TRIM25, TRIM26, TRIM27, TRIM34, TRIM35, 

TRIM38, TRIM39, TRIM41, TRIM43, TRIM47, TRIM48, TRIM49, TRIM50, TRIM51, 

TRIM53, TRIM58, TRIM60, TRIM62, TRIM64, TRIM65, TRIM68, TRIM69, TRIM72, 

TRIM75, TRIM77 and many other TRIM-like genes. PRYSPRY domains bind substrate proteins 

(James et al., 2007; D'Cruz et al., 2013) and are also known to bind RNA (Liu et al., 2016; 

Choudhury et al., 2017). Many of the C-IV subfamily genes are associated with the MHC in 

humans (Meyer et al., 2003; Jia et al., 2021), chickens (Ruby et al., 2005; Shiina et al., 2007; 

Kaufman, 2022), ducks (Blaine et al., 2015) and fish (Boudinot et al., 2011). Notably, many 

proteins in the C-IV family are interferon inducible and associated with antiviral function (Ozato 

et al., 2008; Rajsbaum et al., 2008; Sardiello et al., 2008; Carthagena et al., 2009). 

2.5.3 C-XI 
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The C-XI subfamily is defined by its C-terminal transmembrane (TM) domain. The 

members of this subfamily include TRIM13 and TRIM59. TRIM13 localizes to the endoplasmic 

reticulum and causes degradation of STING (Narayan et al., 2014; Huang et al., 2017; Li  et al., 

2022). TRIM59 regulates autophagic processes in the cell and the dysregulation of TRIM59 is 

implicated in many cancers, indicating TRIM59 may regulate cell cycle progression (Valiyeva et 

al., 2011).   

2.5.4 C-V 

The C-V subfamily is composed of TRIM proteins with an undefined C-terminal region. 

The members of this subfamily include TRIM8, TRIM19/PML, TRIM20/PYRIN, TRIM29, 

TRIM31, TRIM40, TRIM44, TRIM52, TRIM56, TRIM61, TRIM73, TRIM74 and RNF207. The 

C-terminal architecture in this group is incredibly diverse, suggesting this group is less related 

than other subfamilies of TRIM protein. TRIM19 (also known as promyelocytic leukemia or 

PML) for example, contains a C-terminal domain of unknown function (DUF) which contains an 

exonuclease III  fold and allows TRIM19 to localize to the nucleus (Condemine et al., 2007), 

while TRIM29 does not have a structurally defined C-terminal domain, yet this area of the 

protein is known to bind with MAVS (Xing et al., 2018). Additionally, TRIM44 is a unique 

TRIM as it contains an N-terminal ubiquitin protease domain (UBP) and acts as a deubiquitinase 

(Hatakeyama, 2017).  

 

2.6 TRIM  proteins that augment anti-viral  signaling pathways 

2.6.1 Innate signaling 

In this section we summarize the current knowledge of TRIM protein augmentation of 

intracellular antiviral signaling pathways. As this thesis is centered on innate immune responses, 

we focused on RLR, TLR and cGAS pathways. Although RLR and TLR receptors can detect 

IAV  viral RNA directly to activate signaling pathways, cGAS and DNA sensing is still relevant 

in anti-IAV  signaling as these pathways detect viral infection through DNA damage. This section 

also will  not go into detail on pathway component signaling mechanisms, as that was 

summarized for these pathways in Chapter 1. All  pathways and interactions are summarized in 

Figure 2.2. 

Throughout this section, we describe ubiquitination by TRIM proteins, which act as E3 

ubiquitin ligases. E3 ubiquitin ligases target substrate proteins and recruit E2 ubiquitin-
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conjugating enzymes to attach ubiquitin or polyubiquitin to substrate proteins (Ardley et al., 

2005; Yang et al., 2021). Ubiquitin is a highly conserved polypeptide made up of 76 amino 

acids. Polyubiquitin chains use differing linkages to convey certain messages and outcomes for 

target proteins. The polyubiquitin chains utilize inner lysine (K) residues or the first methionine 

(M) to form linkages, and 8 main types have been described: M1, K6, K11, K27, K29, K33, K48 

and K63 (Swatek et al., 2016; Tracz et al., 2021). K48 and K63-linked chains are the best 

described with K48-linked ubiquitin targeting substrate proteins for proteasomal degradation 

(Hershko et al., 1998; Finley, 2009) and K63-linked ubiquitin activating or stabilizing substrate 

proteins (Chen et al., 2009; Nathan et al., 2013).  The noncanonical ubiquitin linkages (M1, K6, 

K11, K27, K29 and K33) have a variety of functional roles from activation, degradation and 

transcriptional regulation (Tracz et al., 2021).  

2.6.1.1 TRIM protein interactions with RLRs and MAVs 

Two important RNA virus sensing pattern recognition receptors (PRRs) are retinoic acid-

inducible gene I (RIG-I) and melanoma differentiation-associated protein 5 (MDA5), members 

of the RIG-I-like receptor (RLR) family. Both RIG-I and MDA5 sense viral RNA in the 

cytoplasm (As discussed in detail in Chapter 1) and interact with MAVS through their CARD 

domains to activate downstream antiviral signaling (Wu et al., 2015). Many TRIM members 

have been shown to augment this signaling pathway. Perhaps the best known is TRIM25, which 

stabilizes RIG-I through K63-linked ubiquitination of the CARD domains and increases RIG-I 

interactions with the signaling adapter MAVS, to increase IFN-ɓ expression (Gack et al., 2007; 

Miranzo-Navarro et al., 2014). However, recently works have been published suggesting that 

RNF135/RIPLET, a TRIM-like protein, which also stabilizes RIG-I through K63-linked 

ubiquitination is essential for RIG-I activation, while TRIM25 is redundant (Hayman et al., 

2019). TRIM4 also positively regulates RIG-I signaling through K63-linked ubiquitination of 

RIG-I (Yan et al., 2014). TRIM65 activates MDA5 through K63-linked ubiquitination of MDA5 

(Lang et al., 2017; Meng et al., 2017; Kato et al., 2021). TRIM38 increases signaling 

downstream of RIG-I and MDA5 through E3 SUMO ligase activity (Hu et al., 2017). TRIM38 

SUMOylates both MDA5 and RIG-I, preventing K48-linked ubiquitination and thus preventing 

early degradation of RIG-I during infection. TRIM13 conversely, positively regulates RIG-I and 

negatively regulates MDA5 activation through ubiquitination (Versteeg et al., 2013; Narayan et 

al., 2014), likely functioning to fine tune responses to the specific viral threats. Every pathway 
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needs modulators which eventually turn off signaling. TRIM40 negatively regulates both MDA5 

and RIG-I through K48 and K7-linked polyubiquitination leading to degradation of MDA5 and 

RIG-I, respectively (Zhao et al., 2017). 

MAVS forms non-pathogenic prion-like aggregates to increase antiviral signaling and 

help in the docking of signaling effecter proteins (Hou et al., 2011). Many TRIM proteins have 

been documented as affecting MAVS aggregation or recruitment of adapter proteins to MAVS to 

augment downstream signaling. TRIM31 promotes MAVS aggregation through K68-linked 

polyubiquitination of MAVS in mice (Liu et al., 2017a). TRIM21 also promotes IFN signaling 

downstream of MAVS through K27-linked polyubiquitination of MAVS, which results in 

increased recruitment of TBK1 to the MAVS signaling complex (Xue et al., 2018). TRIM14 

appears to perform a similar role to that of TRIM21 in that it forms a complex with MAVS, 

catalyzes the addition of K63-linked ubiquitin chains to MAVS which helps recruit NEMO to the 

MAVS signaling complex (Zhou et al., 2014). TRIM25 promotes MAVS degradation through 

K48-linked proteasomal ubiquitination (Castanier et al., 2012). This degradation strengthens the 

downstream signaling via the release of the activated signaling component TBK1. TRIM44 

reduces K48-linked polyubiquitination of MAVS thus preventing its degradation and increasing 

virus induced IFN and NF-kB signaling downstream of MAVS (Yang et al., 2013). TRIM29 

induces MAVS degradation through K11-linked ubiquitination (Xing et al., 2018). ECSIT 

(evolutionarily conserved signaling intermediate in Toll pathways) is a protein that helps bridge 

the contact between both RIG-I, MDA5 and MAVS, increasing downstream antiviral signaling 

through IRF3 and NF-əB (Lei et al., 2015). TRIM59 associates with ECSIT and inhibits 

downstream activation of both IRF3 and NF-əB signaling (Kondo et al., 2012).  

2.6.1.2 TRIM protein interactions with TLR adapters 

As described in Chapter 1, TLR4 is located on the surface of the cell and can detect virus 

and signal downstream through TRIF while TLR3 detects viral RNA in the endosome and also 

signals through TRIF. TRIM56 acts as a scaffolding protein and is critical in the stabilization of 

TRIF downstream of TLR3 and increases downstream antiviral signaling (Shen et al., 2012). 

TRIM38 is stimulated by high levels of IFN in mice and negatively regulates TRIF during TLR3 

signaling through K48-linked ubiquitination of TRIF which leads to proteasomal degradation 

(Hu et al., 2015). TRIM8 disrupts the interactions between TRIF and TBK1 through K6 and 

K33-linked ubiquitination, resulting in decreased downstream signaling (Ye et al., 2017).  
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TRIM32 helps in the degradation of TRIF through selective autophagy, as TRIM32 forms a 

complex with the noncanonical autophagic protein TAXBP1 (Yang et al., 2017). 

2.6.1.3 TRIM protein interactions with DNA sensing pathways 

Cyclic GMPïAMP synthase (cGAS) detects long DNA from pathogens, dimerizes to 

form the messenger 2ǋ3ǋ-Cyclic GMP-AMP (cGAMP) and activates the endoplasmic reticulum 

associated protein stimulator of interferon genes (STING) (Liu et al., 2017b; Yu et al., 2021a). 

This then recruits and activates IəB kinase-Ů (IKKŮ) and TANK-binding kinase-1 (TBK1). 

TRIM14 stabilizes cGAS through recruitment of ubiquitin-specific protease 14 (USP14), which 

cleaves polyubiquitin chains off cGAS (Chen et al., 2016). TRIM41 also binds cGAS and 

activates downstream IFN signaling through monoubiquitylation of cGAS (Liu et al., 2018). 

TRIM38 SUMOlyates both cGAS and STING (Hu et al., 2016). The SUMOlyation of cGAS 

prevents its polyubiquitination and degradation, while the SUMOlyation of STING promotes its 

stabilization and activation. TRIM56 and TRIM32 both also activate STING signaling. TRIM56 

induces STING dimerization through K63-linked polyubiquitination, which recruits TBK1 and 

induces IFN production (Tsuchida et al., 2010). TRIM32 also catalyzes K63-linked 

polyubiquitination of STING, similar to TRIM56 (Zhang et al., 2012).  

 DNA sensing pathways are also inhibited by TRIM genes. DEAD-box helicase 1 

(DDX41) senses cytosolic DNA and activates interferon signaling through STING (Zhang et al., 

2011). TRIM21 inhibits this pathway through K48-linked ubiquitination of the DEAD domain of 

DDX41 (Zhang et al., 2013b). Similarly, TRIM29 and TRIM30Ŭ target STING for K48-linked 

ubiquitination and degradation (Wang et al., 2015b; Xing et al., 2017).  

2.6.1.4 TRIM interactions with NF-əB and IFN signaling adapters 

Nuclear factor-kappa-B (NF-əB) essential modulator (NEMO) is involved in both IRF3 

and NF-əB activation leading to an antiviral response (Fang et al., 2017a; Fang et al., 2017b). 

Viral induction of NF-əB and IRF3 through NEMO is activated by non-classical K27-linked 

polyubiquitination by the singular member of the C-XI subfamily, TRIM23 (Sparrer et al., 

2017). TRIM41 also increases IRF3 and NF-əB pathway activation through K63-linked 

ubiquitination of BCL10, which increases NEMO recruitment (Yu et al., 2021b). NEMO is also 

involved in the cGAS-STING DNA sensing pathway (Fang et al., 2017b). TRIM32 and TRIM56 

are activated by DNA in the cytosol and synthesize ubiquitin chains to activate NEMO (Fang et 

al., 2017b).  Of the proteins which negatively regulate NEMO, the RINGless TRIM29, directly 
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targets and ubiquitinates NEMO for degradation (Xing et al., 2018), while TRIM40 aids in the 

degradation of NEMO utilizing the process of neddylation (Noguchi et al., 2011). TRIM68 

targets TRK-fused gene (TFG) for lysosomal degradation (Wynne et al., 2014). TRK-TGF 

targets both NEMO and TANK and stabilizes the signaling complex (Miranda et al., 2006), thus 

TRIM68 indirectly inhibits both NEMO and TANK. Cytoplasmic TRIM26 is normally 

associated with NEMO (Ran et al., 2016). Upon viral infection, TRIM26 autoubiquitinates, 

causing TRIM26 to associate with TBK1. This association helps recruit NEMO to the TBK1-

MAVS signaling complex resulting in phosphorylation of the protein GSK3ɓ (Qin et al., 2016). 

GSK3ɓ then enhances TBK1 oligomerization and autophosphorylation (Lei et al., 2010), which 

enhances IRF3 activity downstream. TRIM11 also interacts with the TBK1 signaling complex 

(Lee et al., 2013). Overexpression of TRIM11 decreases IFN-ɓ promoter activity when cells 

were stimulated with RIG-I, MAVS or TBK1, while knockdown of TRIM11 increased the IFN-ɓ 

promoter activity of these stimulated cells. The non-canonical IȾȾŮ interacts with TBK1 to 

phosphorylate IRF3 to activate antiviral signaling (Fitzgerald et al., 2003). TRIM27 was 

identified as an inhibitor of IFN signaling through interactions with IȾȾŮ and TBK1 (Zha et al., 

2006). 

Along with its role in stabilizing RIG-I and increasing signaling downstream of RIG-I, 

TRIM25 also appears to help increase NF-əB signaling downstream of TRAF6 in the MDA5-

MAVS signaling pathway (Lee et al., 2015). In addition to increasing antiviral signaling 

downstream of NEMO, TRIM23 also increases NF-əB signaling through forming a complex 

with TRAF6 (Poole et al., 2009). TRIM37 and TRIM38 both negatively regulates TRAF6 

signaling (Zhao et al., 2012; Zhao et al., 2021b). Downstream of TRAF6 signaling, the C-I 

subfamily members TRIM9 and TRIM67 both bind the protein ɓ-transducin repeat-containing 

protein (ɓ-TrCP) (Shi et al., 2014; Fan et al., 2022). This binding prevents ɓ-TrCP from binding 

its substrates IəBŬ and p100, thus preventing NF-əB activation. IəBŬ is an inhibitor of NF-əB. 

IKKŬ and IKKɓ phosphorylate IəBŬ preventing it from inhibiting NF-əB activation. TRIM27 

interacts with IKKŬ and IKKɓ to inhibit NF-əB activation (Zha et al., 2006). TRIM39 also 

inhibits NF-əB through binding and ubiquitin-independent stabilization of Cactus interactor 

(Cactin), a nuclear inhibitor of NF-əB (Suzuki et al., 2016).  

 TRIM59 prevents the phosphorylation and dimerization of IRF7 and IRF3, thus 

preventing the translocation of these transcription factors to the nucleus. It is unsure how 
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TRIM59 is preventing this phosphorylation, but suggested TRIM59 is interacting with a 

phosphorylase upstream of IRF3 and IRF7. TRIM21 interacts directly with IRF3 using its C-

terminal PRYSPRY domain, causing the ubiquitination and subsequence degradation of IRF3 in 

the proteasome (Higgs et al., 2008). TRIM26 also binds and catalyzes K48-linked ubiquitination 

of IRF3, although TRIM26 binds specifically to phosphorylated IRF3 in the nucleus (Wang et 

al., 2015a). TRIM28 binds specifically to IRF7 and not IRF3 using its RBCC motif (Liang et al., 

2011). TRIM28 acts as a SUMO E3 ligase, catalyzing the addition of SUMO to IRF7, and 

negatively regulating IRF7.   

 

2.7 TRIM  proteins that directly  restrict  Influenza A virus 

This section details TRIM proteins that directly target IAV  viral proteins in the cell. A 

summary of these TRIM proteins and their targets can be found in figure 2.3. 

2.7.1 TRIM14 

TRIM14 is a RINGless TRIM which is a member of the C-IV subfamily. TRIM14 is a 

type-I interferon inducible gene (Rajsbaum et al., 2008; Carthagena et al., 2009) which can 

directly target viruses such as Hepatitis C (Wang et al., 2016a) and Hepatitis B (Tan et al., 2018) 

virus. TRIM14 targets proteins from both these viruses using its C-terminal PRYSPRY domain. 

TRIM14 also directly targets the IAV  nucleoprotein (NP) for degradation (Wu et al., 2019). NP 

is part of the viral ribonucleoprotein (vRNP) complex, and it is critical for viral transcription and 

replication (Herz et al., 1981; Jackson et al., 1982).  TRIM14 targets NP using its PRYSPRY 

domain, causing NP to undergo K48-linked ubiquitination resulting in proteasomal degradation 

of NP (Wu et al., 2019). As TRIM14 is RINGless it is unknown if  the catalyzing of polyubiquitin 

chains to NP is from the TRIM14 B-box domain, or if  another protein is acting as the E3 

ubiquitin ligase. Interestingly, deletion of the PRYSPRY domain also allowed TRIM14 to bind 

NP, however this binding increased vRNP formation and NP accumulation in HeLa cells.  When 

human TRIM14 was expressed in transgenic mice, the overexpression of human TRIM14 

markedly reduced H5N2 infection and increased survival in these mice (Nenasheva et al., 2021). 

Interestingly, the overexpression of human TRIM14 in these mice also coincided with less 

transcription of the proinflammatory cytokines IL -6, IL-1ɓ and TNFŬ in the lungs of mice 

infected with H5N2, suggesting human TRIM14 could down regulate inflammatory responses in 

mice.   
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2.7.2 TRIM22 

TRIM22 is an IFN-stimulated gene (Le Goffic et al., 2010) which belongs to a locus of 

expanded TRIM genes which first appeared in Eutherians (Hattlmann et al., 2012). This locus is 

located on chromosome 11 in humans and contains TRIM34, TRIM6, TRIM5 and TRIM22 

(Sawyer et al., 2007). TRIM5 and TRIM22 have undergone many changes during mammalian 

evolution, with these genes expanding and deleting in different lineages. For examples, cows 

have an expansion of TRIM5 genes, but no TRIM22, while dogs have no TRIM5 gene. 

Yangochiroptera bats have expansions of both TRIM5 and TRIM22 in their lineages (Fernandes 

et al., 2022). The diversification of TRIM22 in different mammalian species is perhaps a result 

of the broad antiviral specificity of this protein. TRIM22 can inhibit HIV particle production 

through the targeting of the HIV Gag protein (Barr et al., 2008). TRIM22 ubiquitinates the 

hepatitis C viral (HCV) protein NS5A, thus restricting HCV replication (Yang et al., 2016). 

TRIM22 also inhibits hepatitis B virus by targeting the viral core promoter (Gao et al., 2009).  

 Notably, TRIM22 also inhibits IAV.  TRIM22 was identified as a host factor which 

interacted with IAV  virus in human bronchial epithelial cells (Shapira et al., 2009). When 

TRIM22 was knocked out of the human lung epithelial cell line A549, IAV  replication was 

significantly enhanced (Di Pietro et al., 2013). Likewise, overexpression of TRIM22 in MDCK 

drastically reduced IAV  titre by over 100 times. The mechanism of this viral restriction was due 

to TRIM22 interacting with the IAV  NP and catalyzing attachment of both mono- and 

polyubiquitin to NP, causing it to be degraded by the proteasome.  

2.7.3 TRIM25 

Along with multiple augmentation steps in the RIG-I signaling pathway, TRIM25 can 

also directly restrict IAV  in mammalian cells. Initially  identified as an RBP in a screening of 

HeLa cells searching for cellular proteins which bound mRNA (Castello et al., 2012), further 

studies found that TRIM25 bound a diverse repertoire of coding and non-coding cellular RNA 

using its C-terminal PRYSPRY domain (Choudhury et al., 2017). TRIM25 binds the IAV  vRNP 

complex and inhibits the viral polymerase complex from viral mRNA chain elongation 

(Meyerson et al., 2017). Interestingly, gibbon TRIM25 was more effective at binding and 

inhibiting viral mRNA chain elongation than human TRIM25. As gibbons are not a natural host 

of IAV,  it seems that human adapted IAV  may have evolved a partial escape mechanism for this 

nuclear vRNP binding.  
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2.7.4 TRIM41 

TRIM41 was initially  recognized as an anti-viral TRIM protein through a host-IAV  

protein interaction screen that suggested TRIM41 interacted with the IAV  NP (Wang et al., 

2017). TRIM41 is not upregulated by either IFN or IAV  infection in A549 cells, however 

overexpression of TRIM41 did reduce IAV  virus titres, but not Sendai or vaccinia virus (Patil et 

al., 2018).  TRIM41 also catalyzed the addition of ubiquitin chains to IAV  NP, causing NP to be 

degraded by the proteasome. TRIM41 is also able to restrict other viruses. TRIM41 inhibits the 

N protein of Vesicular stomatitis virus (VSV) through catalyzing the addition of ubiquitin to the 

N protein (Patil et al., 2020).  Additionally, a screen of 38 human TRIM proteins searching for 

anti-HBV TRIM proteins identified TRIM41 as inhibitory to HBV replication (Zhang et al., 

2013a). 

2.7.5 TRIM32 

TRIM32 has many cellular functions but was initially  identified as a potential antiviral 

mediator in a screening for proteins which bound the HIV transcriptional activator tat (Fridell et 

al., 1995). TRIM32 directly restricts IAV  through targeting of the PB1 protein (Fu et al., 2015). 

TRIM32 translocates into the nucleus with PB1, and then using the RING domain 

polyubiquitinates PB1 to target it for proteasomal degradation. Unlike many other TRIM 

proteins which target substrate through their C-terminal domains, TRIM32 appears to associate 

with PB1 through its coiled-coil domain. 

2.7.6 TRIM35 

Much like TRIM25, TRIM35 is implicated in restricting IAV  by both immune signaling 

pathway modulation and directly targeting IAV  proteins. As mentioned in the previous sections, 

TRIM35 helps to catalyze the addition of K63-linked polyubiquitin to TRAF3 to increase 

downstream antiviral signaling (Sun et al., 2020). The IAV  protein PB2 suppresses this 

activation of TRAF3 by inhibiting the ubiquitination of TRAF3. TRIM35 counteracts this 

suppression of TRAF3 ubiquitination by mediating K48-linked ubiquitination of PB2. TRIM35 

interacts with PB2 using its C-terminal PRYSPRY domain, and aids in PB2 ubiquitination using 

its RING domain. 

2.7.7 TRIM56 

TRIM56 is an RNA-binding TRIM protein (Williams et al., 2019). TRIM56 inhibits many 

viruses through binding of viral RNA such as Zika virus (Yang et al., 2019), Dengue virus, 
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yellow fever virus (Liu et al., 2014) and bovine viral diarrhea virus (Wang et al., 2011). TRIM56 

also restricts both IAV  and influenza B virus (IBV) but in the same experiment did not restrict 

Sendai or human metapneumovirus (Liu et al., 2016). TRIM56 restricted both IAV  and IBV by 

binding viral RNA in the nucleus using its C-terminal PRYSPRY domain. This restriction was 

independent of E3 ubiquitin ligase activity, and instead it seemed that the binding of TRIM56 to 

viral RNA inhibited viral synthesis. 

 

2.8 Antiviral  TRIM  proteins characterized in non-mammalian animals 

2.8.1 Antiviral TRIM proteins characterized in invertebrates 

Relatively few invertebrate TRIM proteins have been formally identified, and only two 

orthologs to vertebrate TRIM proteins have been studied for antiviral function. In whiteleg 

shrimp (Litopenaeus vannamei) an ortholog to mammalian TRIM32 (named lvTRIM32) was 

identified as a restriction factor during white spot syndrome virus (WSSV) infection (Wang et 

al., 2020).  lvTRIM32 expression was upregulated in whiteleg shrimp haemocytes when cells 

were infected with WSSV or stimulated by other immunomodulatory substances, and the 

knockdown of lvTRIM32 caused increased mortality in haemocytes infected with WSSV. 

Similarly, giant tiger prawn (Penaeus monodon) TRIM32 (pmTRIM32) overexpression 

increased survival of haemocytes (Peng et al., 2021).  Peng and colleagues demonstrated that 

pmTRIM32 bound and restricted WSSV through ubiquitination of the viral envelope protein. As 

mammalian TRIM32 also directly targets viral proteins (Fu et al., 2015), it appears the 

mechanism of restriction employed by TRIM32 is highly evolutionarily conserved. 

 Two TRIM9 orthologs have been identified in whiteleg shrimp, named lvTRIM9 and 

lvTRIM9-1. lvTRIM9 interacts with the NF-əB pathway in an analogous manner to that of 

human TRIM9. Human TRIM9 interacts with ɓ-TrCP which prevents NF-əB activation (Shi et 

al., 2014). lvTRIM9 also interacts with ɓ-TrCP, however in shrimp ɓ-TrCP inhibits NF-əB 

activation, thus in shrimp the interaction between lvTRIM and ɓ-TrCP increased NF-əB 

signaling (Sun et al., 2019). lvTRIM9 overexpression can activate NF-əB in human cells (Sun et 

al., 2022), however unlike lvTRIM9, lvTRIM9-1 enhances WSSV replication, as when 

lvTRIM9-1 is knocked-down in haemocytes, WSSV replication is decreased.  

TRIM50-like was identified as an antiviral restriction factor in giant tiger prawn 

(pmTRIM50) and is functionally analogous to pmTRIM32 (Zhao et al., 2021a). Like 
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pmTRIM32, pmTRIM50 targets the WSSV envelope protein and aids in ubiquitination and 

subsequent degradation of this viral target.  

2.8.2 Antiviral TRIM proteins characterized in fish 

Teleost fish have a lineage specific expansion of TRIM genes. Expansions of TRIM 

genes hypothesized to be orthologous to TRIM35 in humans were named the htlrTRIMs while 

TRIM genes presumed to be orthologous to human TRIM39 were named bloodthirsty TRIMs 

(btyTRIM) (van der Aa et al., 2009; Boudinot et al., 2011). A teleost specific expansion without 

clear orthology to human TRIM genes were named the fish novel TRIMs (finTRIMs). Out of the 

estimated 208 TRIM genes thought to be present in zebrafish, at least 84 of those are finTRIM, 

39 are btyTRIM genes and 37 are htlrTRIMs (van der Aa et al., 2009). This is compared to the 

66 TRIM genes documented in pufferfish (Boudinot et al., 2011) where much less TRIM 

expansion has happened. These expansions are likely due to the whole genome duplications that 

have occurred in teleost fish (Glasauer et al., 2014).  

 TRIM39 from the orange spotted grouper (Epinephelus coioides) was recently 

characterized as being upregulated by and having antiviral function against red-spotted grouper 

nervous necrosis virus (RGNNV) (Wang et al., 2016b). A mechanism for this restriction was not 

investigated, however the RING domain of ecTRIM39 was necessary for antiviral activity.  

 Like mammal and shrimp TRIM32, TRIM32 orthologs in fish can also restrict viruses. 

TRIM32 from the common carp (Cyprinus carpio) is upregulated in response to spring viremia 

carp virus (SVCV) (Wang et al., 2016c). Overexpression of carp TRIM32 significantly 

decreased SVCV in the immortalized carp cell line epithelioma papulosum cyprinid (EPC), 

however a mechanism for this restriction is still unknown. TRIM32 has also been functionally 

characterized in orange spotted grouper (Yu et al., 2017). Overexpression of grouper TRIM32 

inhibits growth of the DNA-virus Singapore grouper iridovirus (SGIV) and the RNA-virus 

RGNNV. It is unknown if  this restriction is due to direct antiviral effects, however in grouper 

TRIM32 overexpression also significantly increased the interferon response.  

 Only one of the finTRIM genes in teleost fish has been formally characterized for 

antiviral activity. Overexpression of finTRIM83 (ftr83) drastically reduced both infectious 

hematopoietic necrosis virus 32-87 (IHNV) and viral hemorrhagic septicemia virus 07-71 

(VHSV) and SVCV in EPC cells. The authors suggest this inhibition is due to ftr83 upregulating 

IFN signaling pathways when overexpressed. Like many other members of the C-IV subfamily, 



79 

 

ftr83 relies on both its RING and PRYSPRY domain for both signaling induction and antiviral 

effect.  

2.8.3 Antiviral TRIM proteins characterized in Diapsids 

TRIM proteins are not well studied in birds or reptiles (Diapsida) in either general 

cellular function or immune function, although more work has been done on investigating 

antiviral TRIM proteins in birds than in reptiles. 

 Perhaps the most studied of the avian TRIM proteins is TRIM25. TRIM25 has been 

amplified from chicken (Feng et al., 2015), duck (Miranzo-Navarro et al., 2014; Kaikai et al., 

2021), and goose (Wei et al., 2016). In goslings, TRIM25 is upregulated by IFN-ɔ, IFN-ɚ, IFN-Ŭ 

and poly (I:C). Unlike chicken and duck TRIM25, goose TRIM25 appears to be missing the N-

terminal RING domain. TRIM25 in ducks is upregulated by both HPAI and LPAI IAV  (Huang 

et al., 2013; Fleming-Canepa et al., 2019; Campbell et al., 2021). TRIM25 is also upregulated by 

duck Tembusu virus (DTMUV) in duck embryonic fibroblasts (Kaikai et al., 2021). Duck 

TRIM25 has been functionally characterized in two different studies. The first investigated the 

ubiquitination of RIG-I by duck TRIM25 and compared this to the mechanism employed by 

human TRIM25 (Discussed in detail in chapter 1, section 1.2.4) (Miranzo-Navarro et al., 2014). 

The second study demonstrated that overexpression of duck TRIM25 reduced DTMUV viral 

RNA, and knockdown of TRIM25 in DEF increased overall DTMUV viral RNA (Kaikai et al., 

2021). In chickens, TRIM25 is upregulated in response to avian leukosis virus (ALV)  (Zhou et 

al., 2020) and infectious bursal disease (Zhou et al., 2020). Interestingly, chicken breeds that 

were classified as resistant to a HPAI H5N8 IAV  strain did not upregulate TRIM25 in lung 

during infection, while chickens classified as susceptible to H5N8 upregulated TRIM25 in the 

lungs (Perlas et al., 2021). To our knowledge no studies have attempted to characterize anti-IAV  

activity of TRIM25 in any bird species, despite the well-known function of TRIM25 as an anti-

IAV  mediator in mammals.  

TRIM62 in chicken is upregulated by the retrovirus Reticuloendotheliosis Virus (REV) in 

chicken embryonic fibroblasts (CEF) (Li  et al., 2020).  Knockdowns of TRIM62 in CEF cells 

increase viral replication, while overexpression decreased REV replication in DEF cells. 

TRIM62 also restricts avian leukosis virus (ALV)  in chicken cells (Li  et al., 2019). In both 

instances of retroviral restriction, TRIM62 appears to use its PRYSPRY domain to exert this 
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effect (Li  et al., 2019; Li  et al., 2020), although exact mechanisms for viral inhibition is not 

known.  

The singular TRIM protein that has been functionally characterized in reptiles is a 

TRIM39 ortholog amplified form Chinese softshell turtle (Pelodiscus sinensis) named 

psTRIM39 (Shi et al., 2019). The authors found that psTRIM39 was upregulated in response to 

iridovirus and Gram-negative bacterium. Overexpression of psTRIM39 activated NF-əB 

signaling in fat headed minnow cells, but no tests were done on reptilian cells to analyze 

pathway augmentation, likely because reptilian cell lines are not available.  

Perhaps unsurprisingly, TRIM32 has also been characterized as an antiviral protein in 

ducks. TRIM32 is significantly upregulated in the lungs of ducks infected with highly pathogenic 

H6N2 IAV  (Wu et al., 2020) and TRIM32 overexpression in duck embryonic fibroblasts also 

inhibits H6N2. Additionally, duck TRIM32 overexpression increased IFN-ɓ activity and 

increased transcript level of Mx, IRF7 and IFN-ɓ. Like human TRIM32 (Zhang et al., 2012), 

duck TRIM32 directly interacts with STING to increase IFN signaling (Wu et al., 2020). Duck 

TRIM32 overexpression also restricts duck Tembusu virus replication in DEF cells (Li  et al., 

2021). 

 

2.9 Conclusions 

While many of the human or mouse TRIM genes have been functionally characterized, 

TRIM genes are largely understudied in other animals. Most of the TRIM genes studied in non-

mammalian vertebrates or invertebrates have direct orthologs in mammals that have anti-viral 

function or are implicated in immune signaling processes in mammals (Table 2.1), ignoring the 

rest of the TRIM repertoire in these species. Additionally, almost all the non-human or mice 

TRIM proteins studied are from animals with agricultural significance, and wild natural reservoir 

hosts of important zoonotic viruses are largely ignored.  

 Bats (Chiroptera) are a notable group of mammals which act as the reservoir to diverse 

RNA viruses (Van Brussel et al., 2022). While studies have investigated global immune 

responses of bats to viruses to determine how bats are so resistant to damage from replicating 

virus (Banerjee et al., 2020; Irving et al., 2021), there has been little research into the TRIM gene 

repertoire of bats. Bats are the suspected reservoir for many zoonotic viruses such as Ebola 

(Hayman et al., 2012; Koch et al., 2020), Nipah virus (Reynes et al., 2005; Rahman et al., 2010), 
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Marburg virus (Towner et al., 2009), diverse corona viruses (Huynh et al., 2012; Latinne et al., 

2020; Ravelomanantsoa et al., 2020) and many others (Letko et al., 2020; Van Brussel et al., 

2022).  The study we highlighted previously in this chapter documented bats have lineage 

specific duplications of TRIM22 and TRIM5 (Fernandes et al., 2022). More research into the 

evolution and diversification of TRIM genes in bats could potentially identify more Chiropteran 

specific TRIM gene adaptations and duplications, as well as identify species-specific TRIM 

genes in the Chiropterans. 

Reptiles are also often a source of nutrition for arthropods which also feed on humans 

such as mosquitos, ticks and sandflies (Cupp et al., 2004). Moreso, reptiles have been considered 

reservoir hosts for viruses such as western and eastern equine encephalitis in garter snakes 

(Burton Althea et al., 1966; Bingham et al., 2012), Crimean-Congo hemorrhagic fever in 

tortoises (Kar et al., 2020), and Chikungunya virus in snakes and toads (Bosco-Lauth et al., 

2018). Reptiles present a unique opportunity to study reservoir host responses as this incredibly 

large and diverse group (with approximately 11,000 extant species) that has remained largely 

unchanged in their biology, ecology and morphology since their emergence approximately 310 

million years ago (Tucker et al., 1982; Lepetz et al., 2009). We only found one study on a TRIM 

gene in reptiles. As reptiles arose in earlier in vertebrate evolution than birds, their TRIM protein 

function and diversification would offer unique insight into TRIM protein evolution and immune 

function in vertebrates.  

 Wild birds also present a large and diverse class of vertebrates that act as the reservoir 

host to many zoonotic viral pathogens (Reed et al., 2003; Nabi et al., 2021). As discussed in the 

previous chapter, ducks and other waterfowl are the primordial host and reservoir of IAV  

(Webster et al., 1992; Olsen et al., 2006; Kim et al., 2009). Wild birds also host both delta- and 

gamma-coronaviruses with zoonotic potential (Wille et al., 2020). Migratory birds of various 

species act as the reservoir host to West Nile virus (Rappole et al., 2000; Peterson et al., 2003; 

Taieb et al., 2020). While some TRIM proteins have been identified in birds as antiviral effectors 

(As outlined in section 2.7.3), the entire TRIM repertoire has only been documented in chickens 

(Sardiello et al., 2008) and has not been updated since 2008. Additionally, TRIM protein 

function has only been studied in chickens, ducks and geese, leaving many bird species 

unstudied.   

Finally, while it is true that many of the TRIM genes that have antiviral function in 
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mammals could have orthologous function in lower vertebrates, it is also true that some TRIM 

genes in mammals that do not have documented antiviral function could have orthologs that do 

have antiviral function in lower vertebrates, and that function was lost during evolution. By 

categorizing the TRIM gene repertoire in lower vertebrates and assessing immune function of 

these proteins we can gain further insight into TRIM gene evolution, but also uncover novel anti-

viral TRIM proteins. 

 

 

2.10 Aims and rationale for  this thesis work  

The tripartite motif (TRIM) family of proteins provide protection against influenza A virus 

(IAV)  infection either by direct restriction of the virus or through modification of innate immune 

pathways (Hatakeyama et al, 2017; van Tol et al, 2017; Rajsbaum et al, 2014). TRIM family 

evolution also suggests that these genes have responded to selective pressures from viruses by 

evolving species-specific pathogen restriction mechanisms (Song et al, 2005). I am investigating 

the role of TRIM proteins in the resistance to IAV  in its natural host and reservoir, the duck. 

 

Aim 1: To compare differential expression in spleens, lungs and intestines of ducks infected with 

VN1203 or BC500 

There are significant differences in basal expression of duck innate receptors and 

downstream effectors between tissues (Campbell et al., 2020), it is still unknown how different 

tissues contribute to resistance to IAV  and yet control damage from IAV  infection despite high 

viral load. In Aim 1, I investigated changes in differential expression in ducks infected with 

either a HPAI H5N1 strain (VN1203) or LPAI H5N2 strain (BC500) of IAV,  focusing 

specifically on tissues involved in IAV  replication. LPAI IAV  replicates in intestines of infected 

ducks while VN1203 preferentially replicates in the lung (Bingham et al., 2009; Daoust et al., 

2011; Vidana et al., 2018). Previous studies with BC500 and VN1203 demonstrated that 

VN1203 was more severe, and could even be lethal to ducks, while BC500 did not cause severe 

symptoms or disease, yet could still replicate to high titres (Vanderven et al., 2012). Other 

research groups have investigated the transcriptional responses in ducks to IAV,  however these 

groups used later time points (5 days post infection) (Kumar et al., 2017), only sampled lungs of 

ducks infected with HPAI (Huang et al., 2013), or sampled more than tissue but did not compare 
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responses between the tissues (Smith et al, 2015). I investigated the differences and similarities 

between these two IAV  strains of differing severities to try to determine what responses were 

protective and which responses were specific to the strain of virus or tissue sampled. By 

comparing transcriptional responses to HPAI and LPAI infection in ducks, we can learn what 

genes are globally protective and which genes are important for tissue specific responses.  

  

Aim 2: The characterization and relative expression of duck TRIM and TRIM-like genes 

 TRIM protein family members have been formally characterized in both mammals and 

fish (Boudinot et al., 2011; van Gent et al., 2018; Venuto et al., 2019). The only study attempting 

to summarize an avian TRIM repertoire was performed by Sardiello and colleagues in 2008 

(Sardiello et al., 2008). This study found 37 TRIM genes in chickens. There has never been a 

formal study characterizing the TRIM protein family in ducks or comparing the TRIM family 

repertoire between any bird species. As more sequencing data has become publicly available 

since 2008, and sequencing techniques have decreased in cost and increased in accuracy, it is 

likely that more TRIM genes will  be able to be identified in both duck and chicken. In Aim 2, I 

utilized the publicly available sequence read archive (SRA) on NCBI to assemble a de novo 

transcriptome of sequences derived from domestic Pekin duck (Anas platyrhynchos). I 

interrogated the transcriptome to determine how many TRIM or TRIM-like genes were present 

in the duck, and documented phylogenies for duck TRIM proteins, chicken and duck TRIM 

proteins and the C-IV TRIM subfamily for mammals, birds and reptiles. Additionally, I analyzed 

relative tissue expression of TRIM genes in ducks. In this study I document not only the duck 

TRIM repertoire and what tissues these TRIM genes have predominant expression in, but also 

categorize MHC-linked TRIM genes in higher vertebrates using phylogenetics. By examining 

the TRIM gene repertoire in ducks, we can gain insight into the evolution and expansion of 

TRIM genes in vertebrates. 

 

Aim 3: To analyze differential expression of duck TRIM and TRIM-like genes during IAV 

infection 

 Approximately half of the human TRIM gene repertoire is upregulated in response to 

IFNs or innate pathway stimulation (Carthagena et al., 2009). It was not known how many of the 

57 duck TRIM or TRIM-like genes were upregulated in response to infection. However, as the 
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duck shares a long co-evolutionary history with IAV  (Webster et al, 1992), it is likely that many 

of the TRIM proteins in ducks change expression in response to virus and are antiviral. In Aim 2, 

I investigate differential expression of the TRIM gene repertoire in response to HPAI (VN1203) 

and LPAI (BC500) viruses in the lung, spleen and intestine of infected ducks. I compare and 

contrast the differential expression of the duck TRIM gene repertoire to find candidate genes to 

study for antiviral function. While many TRIM proteins have documented antiviral function in 

humans, very few have been studied for antiviral ability in the duck. I used the results from my 

differential analyses to determine if  overexpression of duck TRIM19.1, TRIM19.2, TRIM27.1, 

TRIM27.2, TRIM25, TRIM32 and diaTRIM58 were able to restrict IAV  replication in either 

chicken DF-1 cells or duck embryonic fibroblasts. The results of these experiments will  not only 

give candidate genes to functionally characterize in the duck for antiviral activity but will  

provide insight into the evolution of antiviral ability of TRIM genes in vertebrates.   

 

Aim 4: To determine how TRIM27L is augmenting the RIG-I signaling pathway 

Due to coevolution between host and pathogen, many host proteins can develop species 

specific antiviral ability, such as the case with TRIM5Ŭ, which can restrict HIV in monkeys but 

not humans (Stremlau et al., 2004; Song et al., 2005). TRIM27L is an interesting example of a 

TRIM protein which appears to have been lost in a specific group, as it appears to be missing in 

Galliformes but is present in ducks, other birds and reptiles (Blaine et al., 2015). TRIM27L 

increases IFN-ɓ promoter activity in chicken cells downstream of active RIG-I (Blaine et al., 

2015), supporting that TRIM27L is involved in antiviral signaling pathways in birds. Chickens 

also appear to be missing RIG-I but have functional downstream components of the signaling 

pathway which can trigger antiviral responses in cells once active (Barber et al., 2010). It is 

unknown why Galliformes, which are more susceptible to influenza A virus, would have lost 

TRIM27L, a protein that appears to regulate cellular antiviral signaling. The fourth Aim of this 

thesis details what part of the RIG-I signaling pathway TRIM27L is augmenting in both duck 

and chicken cells. Additionally, I created domain and mutant constructs to determine what 

specific domains TRIM27L was using for RIG-I pathway augmentation. The results of these 

experiments will  help us understand how TRIM27L regulates innate immune pathways in 

response to IFN-ɓ signaling and how TRIM27L regulation of the RIG-I pathway differs between 

differs between species. The results of these experiments will  help us understand how TRIM27L 
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regulates innate immune pathways in response to infection and how it contributes to IAV  

resistance in the duck. 

 

Significance of proposed research: 

TRIM protein biology and function in antiviral immunity is an understudied area of 

immunological research. Many of these proteins are known to be differentially expressed during 

viral infection, but most have not been functionally characterized. By increasing our knowledge 

of the regulation and function of TRIM proteins in influenza infection in ducks we can gain a 

better understanding of both TRIM protein biology and function in host pathogen interactions in 

the reservoir host. 
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and antiviral  orthologous TRIM  proteins in lower vertebrates. 

 

TRIM subfamily Present in Members in humans Augment RIG-I pathway Directly restrict IAV

Antiviral homologs 

in invertebrates

Antiviral homologs 

in fish

Antiviral homologs 

in birds/reptiles

C-I
Animals

TRIM1, TRIM9, TRIM18, TRIM36, 

TRIM46, TRIM67 TRIM9 TRIM9 

C-II Animals TRIM54, TRIM55, TRIM63

C-III Vertebrates TRIM43

C-IV

Vertebrates

TRIM1, TRIM1L, TRIM4, TRIM5, TRIM6, 

TRIM7, TRIM10, TRIM11, TRIM14, 

TRIM15, TRIM16, TRIM16L, TRIM17, 

TRIM21, TRIM22, TRIM25, TRIM26, 

TRIM27, TRIM34, TRIM35, TRIM38, 

TRIM39, TRIM41, TRIM43, TRIM47, 

TRIM48, TRIM49, TRIM50, TRIM51, 

TRIM53, TRIM58, TRIM60, TRIM62, 

TRIM64, TRIM65, TRIM68, TRIM69, 

TRIM72, TRIM75, TRIM77, RNF135

TRIM4, TRIM6, TRIM11, 

TRIM14, TRIM21, TRIM25, 

TRIM26, TRIM27, TRIM38, 

TRIM41, TRIM65, TRIM68, 

RNF135  

TRIM14, TRIM25, 

TRIM22, TRIM25, 

TRIM35, TRIM41 TRIM50 TRIM39

TRIM25, TRIM62, 

TRIM39

C-V

Vertebrates

TRIM8, TRIM19, TRIM20, TRIM29, 

TRIM31, TRIM40, TRIM44, TRIM52, 

TRIM56, TRIM61, TRIM73, TRIM74, 

RNF207

TRIM19, TRIM29, TRIM31, 

TRIM40, TRIM44 TRIM56

C-VI Bilaterians TRIM24, TRIM28, TRIM33, TRIM66TRIM28

C-VII
Animals TRIM2, TRIM3, TRIM32, TRIM71, NHLRC1 TRIM32 TRIM32 TRIM32 TRIM32

C-VIII Eukaryotes TRIM37

C-IX Vertebrates TRIM23 TRIM23 TRIM23

C-X Animals TRIM45

C-XI Bilaterians TRIM13, TRIM59 TRIM13, TRIM59
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Figure 2.1. TRIM  protein subfamilies based on variable C-terminal  domain. RING: Really 

interesting new gene. COS: C-terminal subgroup one signature. FN3: Fibronectin, type III.  PHD: Plant 

Homeo Domain. BROMO: Bromodomian. MATH:  meprin and TRAF homology domain. TM: 

Transmembrane domain. FIL: Filamin domain. NHL: NCL-1, HT2A and Lin-41 repeats. ARF: ADP 

ribosylation factor-like. UC: Uncharacterized. 
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Figure 2.2. TRIM  proteins involved in augmentation of anti-viral  signaling pathways in 

mammals. Influenza A virus RNA can be recognized through RLRs or TLRs and signal 

downstream to activate IRF or NF-əB induced cytokine and chemokine expression. The 

cGAS/STING pathway can also be activated through influenza membrane fusion or cellular 

damage, leading to increases in antiviral signaling. Many TRIM proteins augment these 

pathways through E3 ubiquitin ligase activity, SUMOlyation, neddylation or other modulatory 

mechanisms to either increase or decrease antiviral signaling.  
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Figure 2.3. TRIM  proteins that directly  restrict  influenza A virus replication in the cell. 

Influenza virus ribonucleoprotein components are targets of TRIM protein direct antiviral 

activity. Nucleoprotein (NP) is targeted by TRIM14, TRIM22 and TRIM41 for degradation in 

the cytoplasm. TRIM35 targets PB2 in the cytoplasm for degradation. TRIM32 translocates with 

PB1 to the nucleus where it aids in PB1 proteasomal degradation. TRIM25 targets both the viral 

ribonucleoprotein complex and viral RNA, restricting viral RNA elongation in the nucleus, while 

TRIM56 directly targets viral RNA in the nucleus and restricts influenza A virus replication.  

 

CHAPTER 3 

A version of Chapter 3 was published as Campbell LK, Fleming-Canepa X, Webster RG 

and Magor KE. 2021. Tissue Specific Transcriptome Changes Upon Influenza A Virus 

Replication in the Duck. Frontiers of Immunology 12(4653). doi:10.3389/fimmu.2021.786205 
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Tissue Specific Transcriptome Changes Upon Influenza A Virus Replication in the Duck 

 

3.1 Introduction  

Influenza A virus (IAV)  causes disease in both humans and animals, resulting in periodic 

epidemics and potentially global pandemics. Mallard ducks (Anas platyrhynchos) are the natural 

host and reservoir IAV,  and as such are highly resistant to viral pathology or mortality while still 

being permissive to viral replication (Webster et al., 1978; Webster et al., 1992; Taubenberger et 

al., 2010). In birds, the virus is categorized as either highly or low-pathogenic avian influenza 

(HPAI or LPAI, respectively) depending on the outcome of infection in chicken Alexander et al., 

1986; Burggraaf et al., 2014). Ducks are resistant to both HPAI and LPAI viral strains of IAV,  

although it is of note that some H5 strains can cause severe pathology or even mass die offs in 

ducks (Sturm-Ramirez et al., 2004; Bingham et al., 2009; Haider et al., 2017). HPAI strains 

replicate in the lungs of infected ducks and chickens causing more pathology to infected animals, 

and these strains can also cause systemic dissemination of viral particles (Bingham et al., 2009; 

Vidana et al., 2018). LPAI strains replicate in the intestines of ducks to high titres without 

causing serious lesions (Webster et al., 1978; Daoust et al., 2011). This adaption allows the virus 

to be spread in excrement, and transferred through shared waterways, or when ducks fly  over 

poultry farms, giving the ducks the moniker of the ñTrojan horsesò of infection (Kim et al., 

2009). In particular, H5Ny strains of influenza continue to be enzootic in ducks and remain of 

concern for their pandemic potential ((Shi et al., 2021). 

The duck mounts a robust immune response to IAV,  involving key viral detectors and 

effectors, as recently reviewed (Magor et al., 2013; Evseev et al., 2019; Campbell et al., 2020). 

Key to the duckôs innate defense is the cytoplasmic sensor DExD/H-Box Helicase 58/retinoic 

acid-inducible gene I (DDX58/RIG-I) which detects IAV,  and the mitochondrial antiviral-

signaling protein (MAVS) signaling pathway. Notably, components of this pathway differ 

between ducks and chickens (Barber et al., 2010; Karpala et al., 2011; Liniger et al., 2012; 

Barber et al., 2013; Burggraaf et al., 2014; Miranzo-Navarro et al., 2014; Blaine et al., 2015; 

Blyth et al., 2016). We have postulated that RIG-I being absent in chickens is one of the main 

reasons why chickens are so susceptible to IAV  when compared to ducks (Barber et al., 2010). 

While there are significant differences in basal expression of duck innate receptors and 

downstream effectors between tissues (Campbell et al., 2020), it is still unknown how different 
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tissues contribute to resistance to IAV  and yet control damage from IAV  infection despite high 

viral load. As ducks share a long evolutionary history with IAV  (Webster et al., 1992) it is likely 

that global changes, not just the immune response, contribute to protection. Additionally, due to 

constant selective pressures from the virus, the duck may have unique antiviral effectors or splice 

isoforms. By comparing immune responses in tissues during replication we may discern 

differences in global response to avian influenza in ducks that are key to surviving highly 

pathogenic viruses that replicate systemically, while also permitting replication of harmless 

strains in intestine. 

Several groups have examined gene expression in duck tissues following challenge with 

H5N1 strains of influenza. Transcriptome sequencing was performed on Shaoxin ducks infected 

with high and low pathogenic H5N1 strains (Huang et al., 2013), but this study was limited to 

lung tissues. Kumar and colleagues examined genome wide gene expression patterns to high and 

low pathogenic H5N1 viruses in ducks and compared lung transcriptomes at 5 days post-

infection (Kumar et al., 2017). Smith and colleagues sequenced RNA from domestic Gray 

mallards and chickens infected with high and low pathogenic H5 strains (Smith et al., 2015) and 

focus on gene expression contributing to species differences in IAV  susceptibility. However, 

these studies did not compare differences in gene expression between duck tissues involved in 

viral infection. 

In our previous study comparing duck responses to highly and low pathogenic viruses, 

ducks infected with rgA/Vietnam 1203/2004 (H5N1) and A/British Columbia 500/2005 (H5N2) 

upregulated key innate immune genes, and although we characterized only a limited number of 

genes using qPCR, the ducks rapidly cleared both viruses with robust early responses (Fleming-

Canepa et al., 2019). We also documented the viral kinetics of the rgA/Vietnam H5N1 virus and 

demonstrated that in spleen and lung from infected ducks, the influenza A M1 gene peaked at 1 

day post infection, and on days 2 and 3 M1 expression only slightly decreased (Fleming-Canepa 

et al., 2019). Our aim is to extend this study by aligning pair-ended RNA-seq data to the current 

Pekin duck genome assembly (ZJU1.0) to analyze the global differential expression patterns in 

tissues involved in viral replication (lungs or intestine) and the lymphatic response (spleen) and 

identify novel candidate genes for future exploration. 

Here we obtain transcriptome information from polyadenylated RNA of ducks infected 

with a reverse genetics version of the highly pathogenic H5N1 strain rgA/Vietnam/1203/04 



113 

 

(VN1203) and the low pathogenic H5N2 strain A/mallard/BC/500/05 (BC500). We look at the 

global differential expression (DE) in lung and spleen of Pekin ducks infected with VN1203; and 

lung, spleen and intestines of ducks infected with BC500. We have highlighted differences and 

similarities in differential expression of transcripts and identified sets of genes that have arisen 

by duplication and may contribute to host specific resistance. Our results suggest that tissue 

specific regulation mechanisms may play an integral role in both providing protection against 

IAV  replication while limiting inflammatory responses. 

3.2 Materials and methods 

3.2.1 Viral infection and RNA collection 

Viral infection and tissue collection were described previously (17, 27). Briefly, the 

VN1203 strain A/Vietnam/1203/04 (H5N1) was recreated using reverse genetics (28), while the 

BC500 strain A/mallard/BC/500/05 (H5N2) was collected during routine surveillance of wild 

ducks in British Columbia, Canada. Outbred 6-week-old Pekin ducks from Metzer Farm or Ideal 

Poultry were used for this study. Ducks were mock treated with PBS or infected with 106 of 50% 

egg infectious doses (EID50) of VN1203 or BC500 using the natural route of infection by 

dripping virus in nares, eyes and trachea. Viral replication was tracked by taking tracheal and 

cloacal swabs from some ducks and reported previously (Vanderven et al., 2012). For BC500, 

cloacal swabs were positive at 2- and 3-days post-infection (dpi), and tracheal swabs were 

negative. For VN1203, tracheal swabs were positive at 3 dpi, while cloacal swabs were negative. 

Influenza RNA quantification showed M gene was highly expressed in lung and spleen for all 

three days in VN1203 infected ducks (Fleming-Canepa et al., 2019) (Supplementary Figure 

S3.1). At 1, 2 or 3 dpi, ducks were euthanized, tissues were harvested, and RNA was extracted 

using TRIzol reagent (Invitrogen). Samples were DNAse treated and stored at -80°C. Lung, 

spleen and intestine samples from mock treated animals were collected from 3 ducks at each 

time point (1, 2 and 3 dpi), however due to RNA quality, only 1 duck from mock infected 

animals on 2 dpi was used. RNA samples from lung and spleen from VN1203 infected ducks 

were used from 4 ducks at each time point, while RNA samples from lung, spleen and intestines 

from BC500 infected ducks were from 3 ducks at each time point. The sex of each duck was 

determined from raw read counts of the SWIM6 gene (LOC101797738) in each RNA sample. 

SWIM6 is located on the W chromosome found in WZ females, but not ZZ males, and was 

established as a valid determinant of avian embryo sex by He and colleagues (He et al., 2019). A 
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table of each sample name and corresponding sex of the duck can be found in Supplementary 

File S3.1. 

 

3.2.2 Library construction and sequencing 

Library preparation and poly-adenylated RNA sequencing were performed by LC 

Sciences (https://www.lcsciences.com/). Briefly, RNA-seq paired end libraries were created 

using Illuminaôs TruSeq-stranded-mRNA sample preparation protocol (Illumina, San Diego, 

CA). Integrity of RNA was checked using an Agilent Technologies 2100 Bioanalyzer. Two 

rounds of purification of poly(A) containing mRNAs were performed using oligo-dT magnetic 

beads. cDNA libraries were made and quality was assessed using Agilent Technologies 2100 

Bioanalyzer High Sensitivity DNA Chip. Paired-ended sequencing of the cDNA libraries was 

performed using lluminaôs NovaSeq 6000 sequencing system. The sequencing resulted in paired 

150 bp reads with approximately 6GB of data per run, resulting in a sequencing depth of 

approximately 40 million reads per sample. 

Sequence data was submitted to NCBI sequence read archive (SRA) under the BioProject 

ID PRJNA767080. 

 

3.2.3 Sequence analysis and differential expression 

LC Sciences used CutAdapt (30) to remove adaptors and low-quality bases and then 

verified for quality using FastQC (Available online at: 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). We used Trimmomatic (Bolger et 

al., 2014) on these reads to further separate paired end reads and remove unpaired reads from the 

data. RNA sequence reads were aligned to the NCBI genome of the mallard duck (Anas 

platyrhynchos, assembly ZJU1.0) using HISAT2 version 2.20 (Kim et al., 2019). Reads were 

counted and sorted using FeatureCounts version 2.0.0 (Liao et al., 2014). Due to the overall rate 

of unassessed gene duplications in the genome, multi-mapped reads were counted and 

fractionally assigned to features. Reads were sorted by ñfeatureò for differential expression 

between exons, and ñMeta-featureò for differential expression between transcripts. 

Differential expression (DE) analysis was performed in the R studio environment version 

4.0.0 using EdgeR (Robinson et al., 2010). Library sizes were normalized using the trimmed 

mean of M-values (TMM). Fisherôs exact test was used to determine the number of DE genes of 
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infected tissues compared to their internal control samples. Genes were considered DE if 

FDR<0.05 and fold change (FC) >2 and were used in downstream analysis. All  DE genes for 

both VN1203 and BC500 experiments can be found in Supplementary File S3.2. Venn diagrams 

comparing expressed genes were made using DiVenn (35) or Venny 2.1 (Oliveros, 2007). 

The EdgeR function diffspliceDGE was used to assess alternative splicing events during 

infection. All  alternatively spliced genes for both VN1203 and BC500 experiments can be found 

in Supplementary File 3. 

 

3.2.4 Enrichment and STRING analysis 

Differentially expressed genes were combined for all three days of infection in each 

different tissue, infected with VN1203 or BC500. These genes were subjected to over-

representation analysis (ORA) for gene ontology biological process (GO BP) terms, with the 

noRedundant filter added to reduce redundant enrichment terms on WebGestalt (Wang et al., 

2017). 

Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) diagrams were 

made using Cytoscape version 3.8.0 (Shannon et al., 2003). Enrichment analysis of differentially 

expressed genes (DEGs) was performed in Cytoscape using the STRING app for STRING 

diagrams and enrichment (Doncheva et al., 2019). Due to the relative incompleteness of avian 

enrichment and interaction databases, all gene names were changed to the human equivalent and 

searched against the human database. 

 

3.2.5 Gene annotation and identification 

Many of the annotations in the NCBI file had only numerical descriptions, and not 

annotated gene names. To assign names to those with significant hits from the DEG lists, we 

searched on NCBI and if  available from the description, the gene name was manually assigned. 

Gene names were changed using a find and replace macro in excel (Supplementary File S3.4) 

written by www.extendedoffice.com (https://www.extendoffice.com/documents/excel/1873-

excel-find-and-replace-multiple-values-at-once.html). Any genes flagged in the datasets named 

with location numbers only were submitted to NCBI BLAST to search against both the bird and 

mammalian databases. For genes without significant BLAST orthologs, the location number 

identifier was not changed. Genes flagged as significant which had the same gene name as others 
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in the list were investigated to determine if  this was a genome mis-assembly, paralogous gene or 

misidentification through BLAST, using protein alignments, and chromosomal locations. 

To differentiate genes in our results we applied certain rules to naming related genes. 

Genes with the ñpseudogeneò designation in NCBI were assigned a ñ-pseuò suffix. Likewise, 

genes classified as noncoding RNA (ncRNA) were given a ñ-ncRNAò suffix. Genes which were 

identified as ñlikeò another gene on NCBI were given the ñ-Lò suffix. In cases where multiple 

genes in one dataset were classified with the same name with the ñ-Lò suffix, the genes were 

numbered as ñ-L#ò, with the lowest number being closest in chromosomal location to the 

presumed ortholog or the annotated gene on NCBI. Genes which shared identical names, that 

could not be clarified by the above methods kept their gene names but were given a numerical 

suffix in the order of the genes on their respective chromosomes (i.e. ñPARP14.1, PARP14.2). 

 

3.3 Results 

3.3.1 RNA sequencing reads from ducks infected with VN1203 or BC500 align to genome 

and cluster by tissue and virus infection 

To determine the quality of our RNA reads and amount of coverage over the duck 

genome, we aligned our RNA-seq data to the NCBI Anas platyrhynchos genome assembly 

ZJU1.0. The average alignment rate of RNA sequencing reads to genome was 92%. Counted and 

sorted reads were successfully assigned to features at an average rate of 75%, indicating good 

coverage and sequencing depth of samples. The counted and assigned reads for each sample 

when graphed using multidimensional scaling (MDS) clustered with similar tissue (Figure 3.1A) 

and virus type (Figure 3.1B). Samples from lung and spleen tissues from VN1203 infected ducks 

were very distinct from tissues from BC500 infected and mock treated ducks, while tissues from 

infected ducks were distinct from mock treated samples. As intestine samples were taken only 

from ducks infected with BC500, we expanded our MDS analysis to include day post infection 

(dpi), where 1 and 3 dpi clustered more closely than 2 dpi. One mock treated intestine sample 

(MI1) was an outlier in this group, however as it clustered with other intestine samples, and did 

not significantly change the overall analysis when removed (data not shown), we kept it in in the 

data set for further analysis. Sex of ducks is indicated by color coding of samples (Figure 3.1B). 

Of note, control birds were a mix of male versus female ducks (4:3). Ratios of male to female 

ducks infected with LPAI were 1:2, 2:1, and 2:1 on 1, 2 and 3 dpi respectively. Ratios of male to 
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female ducks infected with HPAI were 3:1, 3:1 and 2:2 on 1, 2 and 3 dpi. The MDS plot suggests 

some segregation of samples according to sex. 

 

3.3.2 VN1203 Infected Ducks Have More Differential Gene Expression Than Those 

Infected With BC500 

To evaluate the number of genes differentially expressed in lungs, spleens and intestines of 

ducks infected with VN1203 or BC500, we used Fisherôs exact test to compare infected tissues 

to control on 1, 2 and 3 dpi. Lung and spleen samples from VN1203 infected ducks had the most 

statistically significant (FDR<0.05) DEGs on all three days of infection, while BC500 infected 

ducks had much less DE in lungs and spleen (Table 3.1). We have previously reported much 

higher transcript levels following VN1203 than BC500 infection when analyzing expression of 

individual immune genes (26). In contrast to other tissues sampled in BC500 challenged ducks, 

the intestines had more DEGs, although most were below the threshold for fold change cut off 

(Table 3.1). 

To determine how many genes were similarly upregulated or downregulated on all three days of 

infection, genes were filtered by FDR (>0.05) and log2(FC). Although each tissue had a number 

of unique altered genes there was considerable overlap of DE genes in lung and spleen on each 

day post infection (Figure 3.2A). At 1 dpi with VN1203, 852 DE genes are common between 

lung and spleen, with most genes upregulated. However, at 3 dpi the number of DEGs unique to 

lung are greatly increased. 

To determine if  the same subsets of genes were either up or down regulated on all days of 

VN1203 infection, we created VENN diagrams to compare gene regulation within each tissue. 

Genes that were up or downregulated during VN1203 infection in lung (Figure 3.2B) or spleen 

(Figure 3.2C) were analyzed to see how many were expressed during all 3 dpi, and how many 

changed expression depending on day. In the lung only 20% of upregulated genes were 

upregulated on all days of infection. This is similar in the spleen, where 18% of genes were 

upregulated on all days of infection. In both lung and spleen, the most DE specific to day of 

infection happens on 1 dpi (36% in lung, 31% in spleen), while 2 dpi has the lowest number of 

genes specific to that day differentially expressed (5% in lung, 6% in spleen). A similar pattern 

emerges for the downregulated genes, as only 13% of the downregulated DEGs were 
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downregulated all days of infection in both lung and spleen. Once again, 2 dpi had the lowest 

number of downregulated DEG specific to that day (8% in lung, 6% in spleen). 

 

3.3.3. GO Biological Process Enrichment Analyses Find Commonalities and 

Dissimilarities Between VN1203 and BC500 Infection 

To determine which pathways were enriched in each tissue during infection with VN1203 

or BC500, we submitted DE genes to the WebGestalt server. All  DE genes were clustered 

together to allow for analysis of enriched GO terms on all three days post infection, and the top 

10 statistically significant (FDR<0.05) hits were reported in Figure 3. Results were separated 

into terms in common (GO terms enriched in all tissues sampled) or unique to tissue (spleen and 

lung in VN1203 infection, spleen, lung, and intestine for BC500 infection). During VN1203 

infection, most of the commonly enriched pathways represented by upregulated DEGs were 

involved in immune responses (Figure 3.3A). Both innate and adaptive immune terms were 

enriched (GO:0045088 and GO:0002250). Likewise, response to virus was also highly enriched 

(GO:0009615). Pathways that were enriched by unique upregulated DEGs in spleen included 

many terms involved in protein folding, and misfolded protein responses (GO:0034976, 

GO:0035966, GO:0032527 and GO:0018196). Likely, these pathways and those involved in cell 

motility (GO:2000147) are enriched due to immune cell accumulation and activation. The lung 

of VN1203 infected ducks was enriched with terms involving actin and cytoskeleton 

rearrangement (GO:0031532 and GO:0043062), and cell surface signaling pathways 

(GO:0007186). 

GO term enrichment resulting from downregulated DEGs found common terms in cell 

adhesion (GO:0031589) and cell growth (GO:0016049) (Figure 3B). Interestingly, bone 

mineralization or ossification terms were also enriched in the common downregulated DEG 

population (GO:0060348, GO:0001503 and GO:0060348). GO terms enriched in spleens of 

VN1203 infected ducks due to downregulation were mostly involved in neuronal signaling and 

cell development, while terms enriched by downregulated DEGs in lungs were comprised of 

pathways involved in muscle development (GO:0060537, GO:0042692, GO:0007517 and 

GO:0003012) and cell cycle progression (GO:0007059, GO:0061641 and GO:0051383). 

DEGs upregulated during BC500 infection enriched similar pathways as those found in 

VN1203, however BC500 enriched the type I interferon pathway the most (Figure 3.3C). 
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Surprisingly, upregulated DEG in the intestine enriched many pathways involving not only cell 

cycle progression, but RNA processing. Due to the overall low number of DEGs in lungs 

infected with BC500, there were not enough uniquely expressed DEGs to properly analyze 

enrichment. Upregulated genes in BC500 infected spleens only enriched five pathways and all of 

those were involved in immunity. There were not enough total down regulated DEGs to analyze 

common enrichment or unique enrichment for spleens and lungs (Figure 3.3D). The intestines 

did have unique enrichment of many pathways involved in metabolic processing of glycerolipids 

and fatty acids (GO:0046486 and GO:0006631) among the downregulated DEGs. 

 

3.3.4 VN1203 Infection Greatly Increases Alternative Splicing Events in Lung 

To determine if  IAV  infection alters alternative splicing (AS) events in lung, spleen and 

intestine of infected ducks, we analyzed alternative splicing events by counting differences in 

reads mapped to individual exons between infected and control samples. As with total DE 

expression, VN1203 infected lungs and spleens had many more AS events than BC500 infected 

tissues (Table 3.2), with infected lungs having the most AS events on all 3 days post infection. 

Lungs from ducks infected with VN1203 had 456, 50, and 267 AS events at 1, 2 and 3 dpi. 

Spleens from VN1203 infected ducks had 70, 57, and 106 AS events on 1, 2 and 3 dpi 

respectively. Interestingly, while intestine tissues from BC500 infected ducks had a much greater 

amount of total DE genes than other tissues infected with the same virus, intestines only had 7, 

37 and 9 AS events detected on 1, 2 and 3 dpi (respectively). As IAV  proteins, such as NS1, can 

influence AS events in the cell (40), it is possible that VN1203 infection itself is responsible for 

this dramatic increase in AS events. 

To determine the GO terminology associated with these AS events, all significant (FDR < 

0.05) AS genes were submitted to the WebGestalt server. Only VN1203 infected ducks had 

enough genes to produce statistically significant (FDR < 0.05) GO results (Supplementary Figure 

S3.2). Lungs of ducks infected with VN1203 at 1 dpi have AS events in genes associated with 

muscle cell proliferation and migration (GO:0033002 and GO:0014812) (Supplementary Figure 

S3.2A). Curiously, respiratory system terms are also enriched by these AS genes (GO:0060541 

and GO:0030323). Both spleens and lungs of VN1203 ducks had statistically significant 

enrichment of GO terms on 3 dpi (Supplementary Figure S3.2B). There were distinct subsets of 

GO terms enriched in each tissue, with lung AS genes enriching more general terms associated 
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with actin organization (GO:0007015), protein signal transduction (GO:0051056 and 

GO:0007265) and general cellular and tissue growth processes. AS events in the spleen however, 

enriched terms involving inflammatory responses (GO:0002526 and GO:0050727), platelets 

(GO:0002576), humoral immune responses (GO:0006959) and migration of leukocytes 

(GO:0050900). 

 

The lack of statistically significant GO terms on other days in lung and spleen is likely due 

to the relatively low number of genes associated with AS events as well as the various functions 

of these genes. Repeating the RNA-sequencing with a greater sequencing depth would likely 

result in a more accurate sampling of AS events in these tissues. 

3.3.5 VN1203 and BC500 Infections Upregulate Shared Sets Of Genes In Spleens, Lungs, 

and Intestines 

To determine which genes were shared in response to virus in all three tissues sampled, we 

inspected the lists of DEGs on 1, 2 and 3 dpi for each tissue infected with either VN1203 or 

BC500 for genes in common. Between the VN1203 and BC500 infected ducks, there were 65 

upregulated shared genes (Figure 3.4A). We subjected this set of genes to Reactome enrichment 

analysis using Cytoscape STRING app (Figure 3.4A). The largest group of genes enriched the 

ñReactome: Immune systemò pathway. The expression patterns of genes in this group are 

different between VN1203 and BC500 infection (Figure 3.4A). VN1203 caused highest gene 

expression at 1 dpi while BC500 infected ducks had highest expression of most of these immune 

genes at 2 dpi. Indeed, when looking at statistical significance of these genes, the FDR is < 0.05 

for most of these genes at 2 dpi in spleen, lung and intestine (Supplementary File S3.1), however 

this is not the case for most genes 1 and 3 dpi. The large increase of DEGs in ducks infected with 

BC500 at 2 dpi corresponds to viral titres, as we previously reported that these ducks had cloacal 

swabs negative for virus on 1 dpi, with significant viral titres on 2 and 3 dpi (Vanderven et al., 

2012). 

To determine which highly upregulated genes were in common between different tissues in 

VN1203 infected ducks, we filtered significant DEGs by log2(FC)>1.5. Genes that reached these 

parameters on 1, 2 or 3 dpi were kept, combined into a list for each tissue, then compared. We 

removed the 65 genes found upregulated in all tissues during both VN1203 and BC500 infection 

to reduce redundancy in the datasets. Repeat non-coding RNA (ncRNA) and pseudogenes were 
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also removed. A heatmap of most upregulated DEGs in VN1203 infection was plotted showing 

genes corresponding to different Reactome pathways placed together (Figure 3.4B). The 

resulting STRING diagram demonstrates that most of the protein products of these genes have 

predicted interactions (Figure 3.4B). Out of the 67 total genes shared between tissues in VN1203 

infection, 44 were associated with the ñReactome: Immune systemò pathway. The genes 

enriched in the classical complement pathway have slightly different expression patterns 

between lung and spleen. In lungs many of these genes were upregulated 1 dpi, whereas in 

spleen the expression of these complement genes was sustained through all 3 days. Genes which 

enriched the ñReactome: Signaling by interleukinsò pathway were predominantly upregulated 1 

dpi. Proinflammatory interleukins IL-6, IL-1ɓ and IL -18 are all upregulated 1 dpi, consistent 

with our previous qPCR analyses (Saito et al., 2018). Genes that enriched both the IFNŬ/ɓ and 

IFNɔ signaling pathways were mostly upregulated in both tissues 1 dpi. Some, such as IFNB and 

IFITM1 show sustained expression on all 3 days pi. 

Ducks infected with both VN1203 and BC500 upregulate 65 genes in common, most of 

which produce proteins that respond to interferons or have immune function. VN1203 strongly 

upregulates a different subset of genes, including genes involved in the complement cascade, 

proinflammatory cytokines and interleukins and various other genes involved in immune 

responses. While VN1203 upregulates most immune genes on 1 dpi, BC500 upregulates these 

genes on 2 dpi, the delay likely due to the time needed for virus to reach the intestine for 

replication. 

Unfortunately, there were no available enrichment databases that accurately placed all 

genes in enrichment categories. Many genes that are involved in immunity, antiviral defense or 

are interferon inducible are not yet added to the Reactome databases or without enough 

additional terms to be considered enriched in this dataset. Genes such as IFIT5 (Zhang et al., 

2013; Zhou et al., 2013; Rohaim et al., 2018; Santhakumar et al., 2018), DDX60 (Miyashita et 

al., 2011; Oshiumi et al., 2015), SAMD9 (Liu et al., 2014) and SAMD9L (Boon et al., 2014) are 

potentially involved in innate immunity or antiviral defense, yet are unclassified in this dataset. 

 



122 

 

3.3.6 VN1203 Infection Preferentially Upregulates PRR and Signal Transduction Genes 

in the Lung and Interleukins in the Spleen of Infected Ducks 

To determine which highly upregulated genes were uniquely expressed in lung or spleen of 

ducks infected with VN1203, we filtered significant DEGs by log2(FC)>1.5 for all three days 

post infection. Genes which were found in both tissues were removed from the dataset. We 

removed the 65 genes found upregulated in all tissues during both VN1203 and BC500 infection, 

as well as repeat ncRNA and pseudogenes, as described previously. 

Many of the genes upregulated in lung have immune functions, however, only 20 out the 

total 54 ñunique to lungò genes were found enriched in the ñReactome: Immune systemò dataset 

(Figure 3.5A). Within this cluster there is significant overlap between accessory genes in both 

the ñReactome: Cytokine signaling in the immune systemò and ñReactome: Signaling by 

interleukinsò category. These genes are all upregulated on 1 dpi, with the notable exception of 

IFNG. IFNG is primarily upregulated in lungs and has increased expression on both 1 and 3 dpi, 

but curiously not on 2 dpi. Lungs of ducks infected with VN1203 also see unique expression of 

many PPRs, including TLR1A, 1B, 2A, 2B and 4. All  of these TLRs have the highest expression 

on 1 dpi. The other primary enrichment pathway in lungs is the ñReactome: Signal transductionò 

which includes ñReactome: Class A/1 (Rhodopsin-like receptors)ò. The expression of these 

pathways is more varied, with some having highest expression at 1 dpi while others at 3 dpi. 

Among the genes uniquely expressed in the spleen of VN1203 infected ducks, almost half 

enrich the ñReactome: Immune systemò pathway (Figure 3.5B). As the spleen is secondary 

lymphatic tissue, it is perhaps not surprising that genes that enriched the ñReactome: MHC II  

antigen presentationò pathway were preferentially upregulated here. A subset of these genes also 

enriched the ñReactome: Cytokine signaling in the immune systemò pathway, however unlike in 

the lung, most of these genes code for interleukins and not accessory proteins. A good proportion 

of the interleukin genes flagged here enriched the ñReactome Interleukin-20 family signalingò 

pathway. These genes have peak upregulation on 1 dpi, and interestingly, many are also greatly 

downregulated in lungs. 

VN1203 infection causes upregulation of different and specific subsets of immune genes in 

the lung and spleen. In lung, more genes involved in pathogen recognition and signal 
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transduction were upregulated, while in spleen gene upregulation is centred around pro-

inflammatory interleukins and peptide processing. 

 

3.3.7 BC500 Infection Causes Up or Downregulation of Distinct Subsets of Genes in the 

Intestines 

To determine which highly upregulated genes were uniquely expressed in spleen, lung or 

intestine of BC500 infected ducks, we filtered significant DEGs by log2(FC)>1.5 for all three 

days post infection (Figure 3.6). Genes which were found in 2 out of 3 tissues were included in 

this dataset (Figure 3.6A). For this analysis, we removed the 65 genes expressed in all tissues 

identified in Figure 4A. Out of the 64 genes highlighted in this dataset, 22 enriched the 

ñReactome: Immune systemò pathway. While most genes found in this dataset in lung or spleens 

are also upregulated in VN1203 infection, CRISP3 is upregulated by BC500 in the lung on all 3 

dpi, but not at all in VN1203 infection. Many of these genes enrich the term ñReactome: 

Cytokine signaling in the immune systemò. These are mostly specific to spleen and intestines of 

BC500 infected ducks and peak at 2 dpi. This is also true for a smaller number of genes which 

enriched the ñReactome: Signaling by interleukinsò pathway. A subset of genes enriches the 

ñReactome: Regulation of genes in early pancreatic cellsò pathway. These genes are all 

transcription factors and are primarily upregulated in intestines at 2 dpi. A group of solute carrier 

(SLC) family member genes enriched the ñReactome: SLC-mediated membrane transportò term 

uniquely in intestines from BC500 ducks. These SLC genes are upregulated starting at 2 dpi. 

Components of the complement pathway enriched the ñReactome: Regulation of complement 

cascadeò, similar to what is seen in VN1203 infection (Figure 3.5B). All  three of these genes are 

upregulated 2 dpi in intestines, while their expression is variable in spleen and lung. It is of note 

that many of the highly upregulated genes specific to intestine during BC500 infection are not 

characterized in infection. As with the previous datasets, some genes in this dataset such as 

CCL28 (Mar et al., 2018) are involved in immune cell responses and others such as LY6E (Mar 

et al., 2018), are interferon stimulated genes (ISGs). 

As IAV  can replicate in the intestines to high titres without causing significant damage or 

pathology, we investigated the differences in downregulated genes in the intestines compared to 

all other tissues to see if  downregulation of specific genes might minimize pathology. DEGs in 

the intestines were filtered by significance (FDR<0.05) and log2(FC) (<-1). From this list, we 
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manually compared genes of interest to infection in lung and spleen of VN1203 and BC500 

infected ducks. Genes which were highly downregulated in intestines that may play a role in 

either immune responses or viral restriction were examined in each tissue and visualized using a 

heatmap (Figure 3.6B). Many of the genes in this dataset of downregulated genes enrich the 

Reactome pathway ñReactome: Immune Systemò. These genes also enrich the ñReactome: 

Cytokine signaling in the immune systemò and ñReactome: Signaling by interleukinsò. The 

downregulation of these genes predominantly happens on 2 dpi, the time point when many other 

immune genes are upregulated in the intestines of BC500 infected ducks. The Reactome pathway 

ñReactome: Regulation of complement cascadeò is also enriched by a subset of these 

downregulated genes, however unlike in Figure 3.6A, the genes that enrich this term also enrich 

the ñReactome: Activation of C3 and C5ò pathway. While BC500 infection in the duck causes 

less DE than VN1203, there are many genes unique to the intestinal response to this virus. Many 

of these genes are uncharacterized in viral infection and warrant further study. 

3.3.8 Interferon and Cytokine Responses Peak at 1 dpi With VN1203, and ISGs Peak at 2 

dpi With BC500 

To identify the genes contributing to the peak immune response in the sites of replication, 

we examined gene expression patterns in infected ducks. Because many important immune genes 

were upregulated in the lungs of ducks infected with VN1203 on 1 dpi, and most gene regulation 

in intestines of ducks infected with BC500 was at 2 dpi, we filtered all statistically significant 

(FDR < 0.05) genes on these days by expression levels and compiled lists of the top 100 most up 

or downregulated genes. We removed genes designated on NCBI as ncRNA or pseudogenes to 

limit  the lists to genes that presumably code for protein. VN1203 induces a much more robust 

response than BC500 (Figure 3.7), with half of the top upregulated genes being upregulated by 

as much as log2(FC) of 4.5 or more, while only the top 13 genes in the BC500 dataset are above 

a log2(FC) of 4. Many of the top upregulated genes of the VN1203 infected lungs are cytokines 

(For example: IFNA, IFNB and IL12A) or interferon inducible genes (for example IFIT5, OASL 

and Mx). The top upregulated genes in BC500 however, are lacking high cytokine gene 

expression, but still have high expression of some interferon inducible genes (notably Mx). 

We also expanded this analysis to the top 100 genes most downregulated on 1 dpi in 

VN1203 infected ducks, and on 2 dpi in BC500 infected ducks (Supplementary Figure S3.3). 

While initially  it appears that downregulation is less robust in the lungs of VN1203 infected 
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ducks, this is only on 1 dpi. Inspection of the data reveals that more significant downregulation 

of genes in the lungs of ducks infected with VN1203 happens at 2 and 3 dpi. 

 

3.4 Discussion 

Here we compare global changes in gene expression of ducks infected with the IAV  strains 

VN1203 or BC500 using RNA-seq analysis. We compared RNA profiles of tissues sampled to 

identify genes which were similarly upregulated in all infected tissues as well as genes which 

were uniquely upregulated in specific sites. This enabled us to delineate specific responses in 

sites of virus replication (lungs for VN1203, intestines for BC500) compared to lymphoid tissues 

(spleen). Ducks respond to VN1203 infection with a high interferon signature at 1 dpi in lung, 

yet soon down regulate key proinflammatory cytokines. BC500 infection stimulates the highest 

gene upregulation at 2 dpi in intestine together with downregulation of leukocyte recruitment 

cytokines. A global picture emerges of a robust and rapid interferon response to VN1203 in lung, 

and a significant response to BC500 in intestine, yet both responses were tempered to limit  

damage. As part of the sequencing effort for the Anas platyrhynchos genome, Huang and 

consortium performed transcriptomic analysis of Shaoxin lung tissues following infection with 

H5N1 strains (Huang et al., 2013). They saw a similarly robust interferon response early in 

infection and elaborated on cytokine and defensin expression. Our work builds on this by 

investigating the global regulation of genes in lung, spleen and intestine using the most current 

version of the Pekin duck genome (November 15, 2020). Smith and colleagues sequenced lung 

and intestine RNA from domestic Gray mallards infected with similar viruses, but used single-

stranded reads at a lower sequencing depth on 1 and 3 dpi only (Smith et al., 2015). The Gray 

mallard ducks also had a much more robust response to VN1203 infection than they did to 

BC500 infection on 1 and 3 dpi. Many of the highly expressed genes are in common with our 

results, however the additional depth of sequencing reveals less abundant genes and allows us to 

analyze alternate splicing in the sampled tissues. 

Overall, we found that there were 65 upregulated genes common to all tissues following 

infection with both viruses, while lungs, spleens and intestines had many genes uniquely 

differentially expressed. Of these 65 similarly upregulated genes, pattern recognition receptors 

(PRRs) which can detect RNA viruses were highly upregulated in all tissues. This includes RIG-

I and the related interferon induced with helicase C domain 1/melanoma differentiation-
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associated protein 5 (IFIH1/MDA5) and toll-like receptor 3 (TLR3). VN1203 infection induces a 

much more rapid and robust response of IFN inducible genes (such as RSAD2/Viperin and 

IFIT5) in the duck than BC500 infection does. The interferon response peaks at 1 dpi for 

VN1203, while the response to BC500 peaks at 2 dpi. The expression of genes in the RIG-I 

pathway from the RNA-seq data mostly match their expression profiles we previously 

determined using qPCR (Barber et al., 2013; Saito et al., 2018; Fleming-Canepa et al., 2019), 

with highest expression of DDX58/RIG-I, IFIH1/MDA5, RNF135/RIPLET, OASL, IFITM3 and 

IRF7 on 1 dpi in ducks infected with VN1203. Exceptions include IFNB expression and tripartite 

motif protein 25 (TRIM25) expression in VN1203 infected ducks. In our previous studies, the 

qPCR results suggested these two genes were robustly expressed on 1 dpi, and rapidly dropped 

to basal levels by 3 dpi, while our RNA-seq analysis suggests these genes exhibit sustained 

expression across all 3 dpi. Likely these discrepancies are due to the different techniques of 

normalization used between the two studies, with the qPCR experiments normalized to a single 

gene (GAPDH) and the RNA-seq data normalized using TMM and library size. Additionally, 

RNA-sequencing data will  still  count splice variants in its read counts, while qPCR may miss 

some of these variants due to primer design and placement. Some of the changes in gene 

expression seen in tissues are likely due to infiltrating immune cells responding to infection. We 

previously reported aggregates of leukocytes in lung tissues and leukocyte depletion of spleen 

tissues in VN1203 infected ducks (Fleming-Canepa et al., 2019). Others have also noted 

infiltration of immune cells to lung, spleen and intestine following influenza infection (Cooley et 

al., 1989; Cornelissen et al., 2013). We previously showed upregulation of CCL19 and CCL21 

chemokines, responsible for homing of dendritic cells and naïve lymphocytes (Förster et al., 

2008), in VN1203 infected lung (Fleming-Canepa et al., 2011). In this study, we see 

upregulation of these transcripts on all days following VN1203 infection in both lung and spleen, 

but only in spleens of BC500 infected ducks. Indeed, CCL19 is one of the most upregulated 

genes. Higher expression of CCL19 and other ISGs was seen in genotyped Ri chicken lines that 

were more resistant to H5N1 infection (Vu et al., 2021). 

Infection with BC500 induces the most DEGs on 2 dpi. This is especially evident in the 

site of BC500 replication, the intestine. This is not surprising, given that cloacal swabs from 

these ducks were negative for virus on 1 dpi, but they were shedding high titres of virus on days 

2 and 3 (Vanderven et al., 2012). It seems that the virus replicates in intestine at 2 dpi, and the 
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host tissue responds accordingly. Tracheal swabs from BC500 ducks were also negative and this 

is consistent with our result of relatively low changes in DEGs in the lung. While this virus 

produces no observable symptoms in the duck, it replicates to high titres and as such can 

disseminate into the environment. Since we do not see abundant viral transcripts in the intestinal 

tissues, either the tissue collection missed the major sites of replication, or the cells actively 

producing virus are present only transiently or rapidly destroyed. The 2 dpi timepoint was not 

examined by Smith and colleagues in their RNA sequencing data, however comparable to our 

data, they found similar genes upregulated at 1 dpi in the ileum of BC500 infected mallards, 

including IFIT5, ESPTI1, Mx, OASL, DHX58 and SAMD9L (Smith et al., 2015). 

We see many PRR and IFN-inducible genes upregulated in tissues infected with either 

VN1203 or BC500. We had previously looked at expression of both ring finger protein 135 

(RNF135/Riplet) and TRIM25 (Fleming-Canepa et al., 2019), which both augment RIG-I 

signaling during viral infection. Here we see that RNF135 is upregulated by infection with either 

BC500 or VN1203 in all tissues, while TRIM25 is upregulated in both lung and spleen during 

VN1203 infection. We also see DExD/H-Box Helicase 60 (DDX60) upregulated by both 

VN1203 and BC500 in all tissues sampled. In mammals, DDX60 binds RIG-I and promotes 

RNA binding and downstream type I IFN production during viral infection (Miyashita et al., 

2011 but has not been studied in birds. We also see strong upregulation of IFN inducible genes 

such as radical SAM domain-containing 2 (RSAD2/Viperin), 2ᾳ-5ᾳ-oligoadenylate synthetase-like 

(OASL), interferon induced protein with tetratricopeptide repeats 5 (IFIT5 and IFIT5-L, a likely 

mistake in genome assembly) and Mx. RSAD2, OASL and Mx are all highly upregulated by 

VN1203 and BC500 in all tissues sampled. Recent experiments establish the antiviral function of 

these duck homologues. Overexpression of duck IFIT5 reduces viral titre at early timepoints but 

appears to inhibit innate immunity later (Wu et al., 2020). Duck OASL activates the 

OAS/RNaseL pathway (Rong et al., 2018). Similarly, overexpression of duck Viperin reduces 

viral replication (Xiang et al., 2020). 

Although upregulated, some genes may not be functional. For example, Mx is highly 

upregulated at 2 dpi in intestines of BC500 infected ducks, while many other PRR and IFN-

inducible genes were only slightly upregulated in that tissue. The function of duck Mx has long 

been in question, as two alleles showed no antiviral activity in vitro (Bazzigher et al., 1993). 

Similarly, two members of the interferon induced transmembrane protein family IFITM1 and 
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IFITM2, small proteins capable of preventing viral hemi-fusion of membranes preventing entry, 

have highly upregulated transcripts in intestine, but we previously showed that neither restricts 

influenza viruses in vitro (Blyth et al., 2016). IFITM1 is mis-targeted to plasma membrane, 

rather than the endosomal compartment due to a unique insertion in ducks, not seen in chickens. 

Only IFITM3 restricts influenza viruses, and its expression is high in lung, spleen and intestine. 

Influenza viruses may exploit these adaptations to preferentially replicate in duck intestines. 

Alternative splicing events are prevalent in lungs of ducks infected with VN1203, and rare 

in tissues of ducks infected with BC500. IAV  modifies AS events through many mechanisms 

(Thompson et al., 2019; Thompson et al., 2020). Some alternative transcripts may have specific 

antiviral activity. For example, a short isoform of human nuclear receptor co-activator 7 

(NCOA7) was induced by interferon and able to inhibit IAV  entry through endosomal fusion 

(Doyle et al., 2018). The short isoform of NCOA7 was also identified in VN1203 infected lungs 

and spleens, and BC500 infected lungs. The presence of this NCOA7 isoform in ducks suggests 

it may have a conserved function of viral restriction in vertebrates. The high number of AS 

events in VN1203 infected tissues may be due to viral subversion of host response, as well as 

IFN induction of AS events. Interestingly, when subjected to GO analysis, many of the AS 

events in the lungs of VN1203 infected ducks enriched terms involved with physiology, rather 

than immunological responses. AS events in spleens of ducks infected with VN1203 found more 

enrichment in terms associated with humoral and inflammatory responses. These differences 

may be due to the abundance of each transcript type in each tissue, as there may be more 

inflammatory cells activated in the spleen during an infection. Human lung epithelial cells 

infected with the A/WSN/1933 strain of H1N1 also demonstrated an increase in AS events 

(Thompson et al., 2020). Thompson and colleagues demonstrated through siRNA screening that 

some of the alternatively spliced genes also were actively enhancing viral replication, and thus 

knocking these genes out reduced viral titre in infected cells. Of note, some of these genes are 

also present in our AS analysis in duck tissues, including: RAB11F1P3, PAXBP1, IP6K2 and 

TNRC6A. These genes only show as AS in lungs of ducks infected with VN1203. As little is 

known about AS responses to infection in birds, future research should involve both sequencing 
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infected duck tissues at a greater depth to capture more AS events and investigating these 

alternate transcripts in duck cells to determine which aid or restrict IAV  replication. 

We found gene duplications unique to ducks particularly interesting, especially if  the 

mammalian homologue has known antiviral activity. The poly-ADP-ribose polymerase (PARP) 

family of genes is largely understudied but is often associated with DNA repair and transcription. 

We found members of this family upregulated by both VN1203 and BC500 infection in ducks 

(PARP9, PARP10, PARP12 and PARP14). Of interest, PARP12 can inhibit replication of RNA 

viruses (Atasheva et al., 2012). We found two presumed orthologs of human PARP12 in ducks 

(LOC101802866 and LOC101796889, with the former being named PARP12-L for this paper). 

The shorter gene, PARP12-L is only significantly upregulated in lungs of VN1203 infected 

ducks, suggesting it may play a tissue specific role in viral inhibition. PARP12 was also 

upregulated in a previous study in both lungs and ileums of VN1203 and BC500 infected Gray 

mallard ducks (Smith et al., 2015). Neither of these genes (PARP12 or PARP12-L) has yet been 

characterized in birds, and it is unknown if  either can restrict RNA viral replication. PARP14 

appears to be duplicated in the duck, with two forms of PARP14 sharing equal percent identities 

to human PARP14 (~43%), but only 52% identity to each other (data not shown). PARP14 

deletion reduces proinflammatory responses in murine macrophages (Iwata et al., 2016), and in 

another study PARP14 deletion was found to reduce IFN-ɓ and ISG response (Caprara et al., 

2018). Both duck PARP14 genes also have a predicted RNA binding domain, which is not 

present in the human PARP14. PARP14.1 (LOC101789908) is upregulated by both BC500 and 

VN1203 infection in ducks, while PARP14.2 (LOC101798744) is only upregulated by VN1203 

in lungs and spleens of infected ducks. Members of the PARP gene family appear to be 

expanded in the duck, making them interesting candidates for further study of proteins which 

may play lineage specific roles in immune responses to IAV  in the duck. 

We postulate that specific responses to the virus that limit  damage from infection may have 

been selected in ducks. Notably, lung tissues in VN1203 infected ducks show downregulation of 

some proinflammatory cytokines, including IL-17 and IL-8. In humans, IL-17 is elevated in 

patients who were infected with the 2009 S-OIV H1N1 IAV  (Li  et al., 2012). Mice infected with 

the 2009 S-OIV H1N1 had a significant increase in survival when treated with anti-IL -17A 

monoclonal antibodies. In this study, we see a large increase of IL17A expression in spleens but 

not lungs of VN1203 infected ducks. Additionally, there was a significant decrease in expression 
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of this gene, especially on 2 and 3 dpi, in the lungs of these infected ducks. This response may 

help lessen damage in the lungs from infection. We see a similar pattern in the proinflammatory 

cytokine IL-8, of which ducks have two presumed orthologous genes, IL8 (LOC101804010) and 

IL8-L (LOC101803817). Both genes show strong upregulation in the spleen, particularly on 1 

dpi. However, in lungs there is significant downregulation on 2 and 3 dpi of both IL8 and IL8-L. 

In humans, IL8 is secreted by alveolar epithelial cells infected by IAV  (Ito et al., 2015). As IL -8 

is a potent neutrophil chemoattractant (Proost et al., 1993; Henkels et al., 2011; Ito et al., 2015), 

decreasing the expression of the IL8 gene in the site of VN1203 replication may reduce 

bystander damage to the tissues from excessive neutrophil accumulation. Interestingly, the 

downregulation of IL17A, IL8 and IL8-L in lungs seems to be unique to our experiment. Huang 

et al. also investigated cytokine expression in lungs of Shaoxin ducks infected with DK/49, a 

HPAI H5N1 and GS/65 a LPAI H5N1 (Huang et al., 2013). In these experiments, IL17A was 

upregulated in the lungs of ducks infected with DK/49 on all three days, while it was 

downregulated in ducks infected with GS/65 on 1 dpi and increased in expression on 2 and 3 dpi 

(Huang et al., 2013). A similar pattern is seen in this data when comparing IL8 and IL8-L 

expression. This is likely due to the viral strains used as well as the differences in breeds of duck. 

In our experiments all ducks infected with VN1203 survived. While Huang et al. do not 

specifically mention survival rates of the ducks used, Song et al. demonstrated that DK/49 killed 

all infected Shaoxin ducks with viral titres as low as 103 EID50 (Song et al., 2011). They also 

noted that GS/65 did not cause any mortality in infected ducks, yet it spread systemically in 

infected birds. Additionally, while Shaoxin ducks and Pekin ducks did originate from the same 

lineage, they have been selectively bred for eggs or meat (respectively) and inhabit separate 

clades in phylogenetic analyses (Feng et al., 2021; Guo et al., 2021). It is also likely that this 

selective breeding has resulted in differences in immune responses. 

As the intestine tissue both permits BC500 to reproduce to high titres, yet ultimately clears 

infection, we looked at both uniquely upregulated and downregulated gene expression, in 

comparison to other tissues. In intestines of BC500 ducks, we see upregulation of complement 

components C1S and C4A and strong downregulation of C3 and C5 as well as the complement 

receptor gene CR1 and the C5 receptor CD88. The C3 protein acts as a point of convergence to 

activate the classical, alternative and lectin pathways of complement activation (as reviewed by 

Zipfel et al., 2009). Mice with C3 and CR1 genes knocked out were deficient in forming long 
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term memory to IAV  (Gonzalez et al., 2008) while C5 activation is associated with lung damage 

during IAV  infection in mice (Garcia et al., 2013). Activated C5 is split into C5a, which is a 

potent chemoattractant of neutrophils (Price et al., 2015) and monocytes (Niyonzima et al., 

2017). Limiting not only the key component of the complement cascade (C3) but also a potent 

activator of inflammatory cell subsets (C5) and their receptors likely decreases the inflammation 

in the intestine. Similarly, damage may be ameliorated by downregulation of C3 and C5 seen in 

lungs, but not spleens, of VN1203 infected ducks. 

Because ducks are permissive to IAV  replication while being resistant to pathology from 

replicating virus, we searched our data for genes that might assist in increased viral replication. 

In a recent review, Shaw and Stertz listed many genes that assisted in IAV  replication in 

mammalian hosts (Shaw et al., 2018), however many of these genes were not differentially 

expressed in ducks above physiologically relevant thresholds. Indeed, some of the differentially 

expressed genes that would allow for increased entry/endosome trafficking were downregulated 

in both intestines of BC500 ducks and lungs of VN1203 infected ducks. For example, DYNLT2, 

ACTG2, ACTA1, ACTN2 and ACTC1 were all downregulated in lungs of VN1203 ducks. Both 

actin and dynein proteins can aid in endosomal trafficking of IAV  during early stages of 

infection (Lakadamyali et al., 2003). Several genes which encode chemoattractant proteins were 

specifically downregulated in intestines including Leukocyte cell-derived chemotaxin-2 

(LECT2), a chemoattractant for neutrophils and macrophages (Yamagoe et al., 1996; Slowik et 

al., 2017), CCL26 a chemoattractant for eosinophils and basophils (Kitaura et al., 1999) and 

IL15, which has various functions in inflammatory responses and promoting immune cell 

maturation and proliferation (Perera et al., 2012). We did not take intestine samples from 

VN1203 infected ducks because the cloacal swabs of these ducks were negative. However, 

future research and analysis should include samples from tissues without virus present, to further 

elucidate which DEGs are from interferons and non-specific inflammatory responses, and which 

are caused by the presence of replicating virus. 

Sex differences in immunity have evolved in all species from sea urchins to mammals, and 

where examined, innate and adaptive immunity is typically greater in females than males (Klein 

et al., 2016). Our study sampled a mix of male and female Pekin ducks in both our controls and 

infected birds. We observe some separation of samples according to sex in our MDS plot, thus it 

is possible that sex contributes to the differences in expression patterns seen, however this is 
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mostly obscured by variation in response between genetically diverse individuals. Due to our 

relatively small sample size on each day of infection, we do not have enough male and female 

animals to compare immune responses by sex. Previously, we did not find differences in viral 

load between male and female ducks infected with rgVN1203 (Fleming-Canepa et al., 2019). In 

wild ducks, most studies show males carry more IAV  (Ip et al., 2008; Parmley et al., 2008; 

Farnsworth et al., 2012), while one showed more female ducks infected (Runstadler et al., 2007), 

and one found differences in viral load between male and female ducks depending on geographic 

location (Papp et al., 2017). In the wild, host ecology contributes to prevalence of IAV  infection 

in mallards including dabbling in infected water, flock density and migration (Olsen et al., 2006). 

Our results highlight the incredible complexity of tissue responses to both highly 

pathogenic and low pathogenic strains of IAV.  Ducks are well equipped to control IAV  

replication, demonstrated by the shared expression of key IAV  detectors and innate effectors in 

all tissues, notably the RIG-I pathway and interferon stimulated genes. The early timing of this 

robust early interferon response to VN1203 at 1 dpi may also be protective, while peak ISG 

responses are seen at 2 dpi for low pathogenic avian influenza. Many genes uniquely upregulated 

have as yet unknown roles in the physiological changes or immune response during infection, as 

thorough literature searches fail to link these genes to inflammatory modulators or viral 

restriction. It is suspected that recruitment of leukocytes contributes to DE of genes, but the 

responding cell types are not known. Ducks also have tissue-specific mechanisms in place to 

prevent damage and out-of-control inflammation, including downregulation of complement 

components C3 and C5. The downregulation of certain proinflammatory genes, with the 

upregulation of other proinflammatory genes in the same tissues suggests the protection is from a 

dampening, rather than an all-out inhibition of the inflammatory response. 
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Table 3.1. Differentially  expressed genes in tissues from ducks infected with  VN1203 or 

BC500. Total DEGs were sorted by false discovery rate (FDR) >0.05. Genes were considered 

upregulated if  the log2FC>1 and downregulated if  the log2FC< -1. 

 

 

 

Table 3.2. Counts of alternatively spliced (AS) transcripts in tissues of ducks infected with  

VN1203 or BC500. Individual exon counts in VN1203 or BC500 infection were compared to 

controls. Alternative splicing events were considered significant (FDR<0.05) when analyzed 

using EdgeR diffSpliceDGE program, using the ñSimmesò method. 
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Figure 3.1. Multidimensional  scaling (MDS) plot of normalized individual  RNA-sequencing 

experiments. MDS plots were made in the EdgeR program comparing the top 200 logFC results 

between each sample. Individual samples and their relative similarity and differences were 

compared using dimensions 1 and 2 (A) and dimensions 1 and 4 (B). Individual plot points were 

named by treatment (VN, VN1203; BC, BC500 and M, Mock), tissue (L, Lung; S, Spleen and I, 

intestine) and dpi (1, 2 and 3). Ex: Spleen from mock treated duck 1 dpi = MS1. Individual male 

ducks are identified by a blue dot and females by a red dot. 



144 

 

 

 

 

Figure 3.2. Venn diagrams showing overlap of gene expression on 1, 2 and 3 dpi in VN1203 

infected ducks. Differentially expressed genes were assigned up or down regulated based on 

log2(FC) (upregulated>1, downregulated<-1) and overlap of DEGs was compared between 

tissues using DiVenn (A). Overlap of up or downregulated gene populations specific to each 

tissue in ducks infected with VN1203 in lung (B) or spleen (C) created using Venny 2.1. 

 

 



145 

 

 

Figure 3.3. Gene ontology (GO) analysis of common and uniquely differentially  expressed 

transcripts between VN1203 and BC500 infected ducks. Differentially expressed genes were 

assigned up or down regulated based on log2(FC) (upregulated>1, downregulated<-1) lists and 

were arranged as ñsimilar between tissuesò, ñunique to spleenò, ñunique to lungò or ñunique to 

intestineò. For ducks infected with VN1203, the top 10 most highly enriched terms in the GO 

biological function category were graphed for upregulated genes (A) and downregulated genes 

(B). For ducks infected with BC500, the top 10 most highly enriched terms derived from 
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upregulated genes (C) or downregulated genes (D) were identified and enrichment ratio for each 

term is graphed. 
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