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Summary 

 

Host and viral factors contribute to define viral pathology. In this 

work, we explore the role of complement decay-accelerating factor 

(DAF) in activating complement and in modulating influenza A virus 

(IAV) infection via an interplay with the antigenic viral proteins 

hemagglutinin (HA) and neuraminidase (NA). We observed that DAF, 

contrary to what could be expected, potentiates complement activation 

upon IAV infection. Particularly, we describe that the viral sialidase NA 

acts on DAF, in a strain-specific manner, removing α-2,6-linked sialic 

acids and propose that this may regulate pathogenicity. Given that the 

recognition of different conformations of sialic acid by the virus is a key 

driver in IAV intra- and interspecies transmission, our findings may have 

implications for zoonotic events. 

Our results also showed that besides DAF increasing complement 

activation, it exacerbates immune cell recruitment, especially of 

neutrophils and monocytes, which promote lung immunopathology 

without altering viral loads. Therefore, upon infection, DAF reveals a 

novel mechanism of virulence, as well as immune evasion. 

Additionally, we show an alternative mechanism of controlling 

pathology, based on a mutation in viral HA that attenuates the virus. We 

observed that this mutation prevented viral replication and penetration 

in the lung tissue, conferring protection associated with decreased viral 

loads. 

Taken together, our results add to the understanding of how host 

and viral factors may contribute in distinct ways to viral-mediated 

pathology. 
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Título e resumo 

 

Interação entre DAF e as proteínas virais HA e NA modelam 

a patogénese viral 

 

Neste trabalho exploramos o papel do fator acelerador de 

decaimento do complemento (DAF) na ativação do complemento, e 

consequentemente da modelação da infeção pelo vírus da gripe A 

(IAV), através da interação com as proteínas virais hemaglutinina (HA) 

e neuraminidase (NA). Observámos que, ao contrário do previsto, o 

DAF potencia a ativação do complemento durante a infeção por IAV. 

Adicionalmente, descrevemos que a sialidase NA, dependendo da 

estirpe, atua no DAF removendo os seus ácidos siálicos com ligação 

α2,6, e propomos que isto pode controlar a patogenicidade. O 

reconhecimento de diferentes conformações de ácido siálico pelo vírus 

é um fator determinante na transmissão intra e interespecífica, logo as 

nossas observações poderão ter implicações na compreensão de 

zoonoses. 

Os nossos resultados mostraram que o DAF além de ativar o 

complemento, aumenta o recrutamento de células do sistema 

imunitário, especialmente neutrófilos e monócitos, promovendo 

imunopatologia nos pulmões, sem alterar a carga viral. Assim, 

revelámos um novo mecanismo de virulência, através do DAF. 

Adicionalmente, descrevemos um mecanismo alternativo, 

baseado na atenuação de um vírus com uma mutação na HA, em que 

observámos uma inibição da replicação viral e penetração no tecido 

pulmonar, sem influenciar a carga viral. 

Resumidamente, este trabalho ajuda a compreender em maior 

detalhe como interações entre fatores virais e do hospedeiro podem 

contribuir de formas distintas para a severidade da patologia. 
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Chapter 1 – General introduction 
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1.1 Influenza A virus 

 

1.1.1 The flu 

Influenza A virus (IAV) is the causal agent of the flu, a respiratory 

infection with variable severity. The first reports of flu-like symptoms 

date back to Hippocrates in ancient Greece around 5-4 b.C. (1), while 

disease outbreaks that could be attributed to IAV were described by 

historians even earlier (2). However, it was only in the 14th century that 

the name Influenza was widespread, originated from the fact that sick 

people were thought to be under detrimental astral influence (2). 

IAV was identified as the etiological agent of the flu after being first 

isolated from pigs (3) and shortly after from humans (4) in the early 

1930s. Despite being around for numerous centuries, IAV still provokes 

3 to 5 million severe infections yearly that result in up to 650.000 annual 

deaths (5). Seasonal influenza constitutes an important burden to 

economics and to society (6–8). More so, if we consider the burden of 

recurrent deadly pandemics with devastating consequences (2,9–11). 

The deadliest one recorded was the Spanish Flu in 1918, when up to 50 

million people were killed (2,10), while the most recent was in 2009 and 

still provoked up to 500.000 fatalities (12,13). Despite the availability of 

two antiviral drugs approved by the Food and Drug Administrations 

(FDA, USA), at the moment, vaccination is the best existing protection 

against IAV. However, it needs constant update to overcome viral 

evolution and escape immune protection and therefore its effectiveness 

varies widely (7,8,14). Hence, deeper understanding of IAV is 

indispensable to unveil new means of preventing and/or fighting 

infectious diseases. An infectious disease results from a complex 

interaction of the pathogen with its host. Influenza provokes severe 

complications and deaths resultant from excess inflammation (7,15–17). 

Underpinning prolonged inflammation is the host immune response to 

viral or secondary bacterial infections (18–20). As a consequence, 



 3 

understanding how the host mounts an excessive inflammatory 

response will lead to a better control of viral infections. 

 

1.1.2 Taxonomy 

Influenza is a member of the Orthomyxoviridae family (21,22), 

which loosely translates as “virus from the mucus”. According to the 

International Committee on Taxonomy of Viruses (ICTV), there are 4 

genus of influenza virus: Alphainfluenzavirus, Betainfluenzavirus, 

Gammainfluenzavirus and Deltainfluenzavirus, respectively including 

the species Influenza A virus, Influenza B virus, Influenza C virus and 

Influenza D virus (23). Influenza A and B are associated with seasonal 

flu epidemics and influenza A to pandemic outbreaks. IAV is considered 

to be responsible for most serious human infections. Influenza B virus 

(IBV) infects humans, however it is restricted to a considerably narrower 

host range (humans and seals) and presents a decreased mutation rate 

when compared to IAV (21,24). The two conserved lineages of human 

IBV, Yamagata and Victoria (21,22,25), are included in the 

recommended vaccine formulations (26). Influenza C virus (ICV) was 

isolated from infected humans more than 70 years ago (27). ICV 

predominantly infects children, usually resulting in upper airway 

infections with mild symptoms (22,28,29). Nevertheless, severe 

infections have been reported, and its actual incidence and disease 

burden remains elusive. (28,29). 

Recently, the new species Influenza D virus (IDV) was defined, 

when at least two distinct lineages with only 50% homology to known 

human ICVs were isolated from cattle (30,31). IDV mainly affects cattle, 

with most human infections resulting from occupational exposure 

(32,33). Additionally, IDV has a wider cell tropism when compared to 

ICV, however  both genera appear to be antigenically stable, and hence 

do not represent a serious danger to humans (34). Conversely, IAV is 

the only genus that poses a substantial threat to human health due to 
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risk of zoonosis, host switch, and generation of pandemics, and 

therefore is the focus of this work. 

 

1.1.3 Structure and life cycle 

IAV is an enveloped virus, containing the surface proteins 

Hemagglutinin (HA), Neuraminidase (NA) and Matrix protein 2 (M2) 

(Fig. 1.1-A). As the viral membrane derives from the infected cell, it may 

also include host proteins (35,36). Beneath the membrane, is a layer of 

Matrix protein 1 (M1), and the core contains IAV segmented genome 

composed of eight distinct negative sense, single stranded (ss) RNA 

segments, in the form of viral ribonucleoproteins (vRNPs) (Fig. 1.1-A). 

vRNPs are constituted by a copy of the RNA-dependent-RNA-

polymerase (RdRp), formed by polymerase basic protein 1 (PB1), 

polymerase basic protein 2 (PB2) and polymerase acidic protein (PA) 

(37–39), nucleoprotein (NP) and viral RNA (vRNA). The 5’ and 3’ 

extremities of vRNA comprise conserved sequences with partial 

inverted complementarity, which maintain an anti-parallel base-pairing, 

establishing an approximately 15-base pair-long panhandle structure, 

where the RdRp connects (40,41). Consequently, a double-helical 

hairpin is formed, with one end folding back on itself (42,43). NP 

oligomerization forms a string of positive residues, which enables the 

binding of vRNA to the outside of the complex, yet not protecting vRNA 

from RNase digestion (44–46). Additionally, Non-structural protein 

2/nuclear export protein (NS2/NEP) was initially included in the list of 

non-structural proteins, but is now a well-established component of 

virions (36,47–49).  
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Fig. 1.1 – Representation of IAV structure. 

Virion organization, with vRNP structure highlighted (A). Genome 

segments, including all known encoded polypeptides (their function is 

detailed in Table 1) (B). PB2 – Polymerase basic protein 2; PB1 – 

Polymerase basic protein 1; PA – Polymerase acidic protein; HA – 

Hemagglutinin; NP – Nucleoprotein; NA – Neuraminidase; M – Matrix protein 

1/2; NS – Non-structural protein 1/2; vRNA – Viral RNA; vRNP – Viral 

ribonucleoprotein. 

 

IAV eight-partite genome encodes 10 main proteins, but up to 22 

may be expressed in infected cells in a viral strain/cell type-specific 

manner (Table 1.1) (50). The genome of the virus encodes for several 

non-structural proteins, being the most well studied the Non-structural 

protein 1 (NS1). NS1 is encoded by segment 8, and is a multifunctional 

protein (47). It stimulates viral translation (51–56), promotes nuclear 

export (54,57), and inhibits cell autonomous immune response (58–60). 

The splicing product of the same segment is Non-structural protein 

2/Nuclear export protein (NS2/NEP) which has a pivotal role in vRNP 

nuclear export (61). Furthermore, other roles for NS2 have been 

elucidated, as control of replication, transcription and recruitment of host 

factors to promote budding (62–64).  

Depending on the strain, additional accessory polypeptides may 

be expressed (50), namely PB2-S1 (65), PB1-F2 (66), PB1-N40 (67,68), 
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PA-N155 (67,69), PA-N182 (67,69), PA-X (70–72), eNP (73), NA43 

(74), M3 (75) M42 (76), tNS1 (77) and NS3 (78), as well as defective 

ribosomal products (DRiPs) (79) and chimeric viral-host hybrid proteins 

(80). However, their specific contributions to infection are still unclear. 

 

Table 1.1 – IAV segments and respective encoded polypeptides. 

Seg Polypeptide Function Ref 

1 
PB2 Component of RNA transcriptase - 7m GpppNm recognition (47) 

PB2-S1 Mitochondrial, inhibits RIG-I/MAVS (65) 

2 

PB1 
Component of RNA transcriptase - catalyzes nucleotide 
addition 

(47) 

PB1-F2 Mitochondrial, apoptosis induction and virulence factor (66) 

PB1-N40 Unclear - suggested role in replication (67,68) 

3 

PA 
Component of RNA transcriptase - endonuclease, involved in 
cap snatching 

(47) 

PA-X Non-specific mRNA endonuclease, involved in host shut-off (70,71) 

PA-N155 Unclear - suggested role in replication (67,69) 

PA-N182 Unclear - suggested role in replication (67,69) 

4 HA Sialic acid binding, fusion activity and antigenic determinant (81) 

5 
NP vRNP formation, nuclear import and export and transcription (82) 

eNP Unclear - suggested role in gene expression (73) 

6 
NA Sialidase activity, budding, cell exit and antigenic determinant (81) 

NA43 Unclear (74) 

7 

M1 vRNP nuclear export, virus assembly and major virion protein (75) 

M2 Ion channel, HA maturation and virus uncoating and budding (75) 

M3 
Unclear - suggested to downregulate early segment 7 
expression 

(75) 

M42 Functionally replaces M2 upon its depletion (76) 

8 

NS1 
Inhibits host pre-mRNA processing and maturation and 
antiviral IFN responses 

(83) 

tNS1 Cytoplasmic, inhibits IRF3 and IFN-β (77) 

NS2/NEP vRNP nuclear export (83) 

NS3 Unclear - suggested role in replication (78) 

 

IAV life cycle has been widely studied (reviewed in (8,22,84–87)), 

nevertheless not all steps are yet fully understood. The viral protein HA 

recognizes and binds to receptors at the membrane of host cells that 

contain sialic acids with specific ligations to galactose (88–90). Human 

adapted IAVs have preference for 2,6 ligations whilst avian adapted 
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strains bind to 2,3 (21,91–94). Binding to sialylated receptors leads to 

IAV internalization by clathrin-mediated (95,96) or clathrin- and 

caveolin-independent endocytosis (97,98). Macropinocytosis has also 

been proposed as an unconventional entry pathway (99). Recently, an 

alternative sialic acid-independent entry mechanism has also been 

reported (100). Upon internalization, as endosomes mature, their pH 

drops (101), which induces a conformational change in HA that exposes 

its fusion peptide (102), promoting the fusion of the viral and endosome 

membranes (103–106). Also in the endosome, M2, a transmembrane 

tetramer that works as an ion channel, promotes the acidification of the 

interior of the virion and the import of K+ ions, which weakens the 

interactions between M1 and the vRNP bundle (75,107–109). 

Then, the E3 ubiquitin ligase Itch (110), CUL3-SPOPL E3 ubiquitin 

ligase complex (111), histone deacetylase 6 (HDAC6)-dependent 

pathways (112,113) and the member of importin- family transportin 1 

(114) contribute to disassemble the viral core and release vRNPs in the 

cytoplasm. 

Unlike most RNA viruses, IAV messenger RNA (mRNA) is 

synthesized in the host cell nucleus (115–117). It has been shown that 

vRNPs, devoid of M1, can enter the nucleus by the nuclear pore, in an 

ATP-dependent process (118). For this, after viral uncoating, NP and 

PB2 nuclear localizing signals (NLS) contribute to sort vRNPs to the 

nucleus (119–121). Recently, it has been shown that subsequent from 

interaction of M1 with transportin 1, vRNPs are bound to importin-/ 

and transported to the nucleus (114). 

In the nucleus, the viral RdRp is responsible for replication and 

transcription of the eight separate segments of the viral RNA genome 

(122–124). The RdRp synthesizes viral mRNA using short capped 

primers derived from cellular transcripts by a unique 'cap-snatching' 

mechanism (125). The PB2 subunit binds the 5′ cap of host pre-mRNAs, 

which are subsequently cleaved after 10–13 nucleotides by the 
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endonuclease PA (38,126–128). Viral replication occurs via a positive 

sense intermediary, complementary RNA (cRNA), that is a full-length 

copy of the vRNA (122,126,129). cRNA is produced 5% relative to the 

positive sense mRNA, and serves to amplify genome production 

(116,130). Both c- and vRNA production requires de novo synthesis of 

the viral proteins NP, PB1, PB2 and PA, as they form ribonucleoprotein 

complexes (131). After genome replication, vRNPs are exported from 

the nucleus in an active process mediated by NS2, M1 and the host 

protein chromosomal region maintenance 1 (CRM1) forming a daisy 

chain complex (61,132,133). 

Due to its segmented nature, IAV genome assembly is a very 

sophisticated and not yet fully understood process. Nevertheless, 

available evidence favors a model of selective packaging, over that of 

random assembly, based in flexible sequence-specific RNA-RNA 

interactions (134–138). Upon nuclear export, vRNPs associate with 

Rab11 vesicles, in a process that impairs the endocytic recycling 

compartment by outcompeting molecular motor adaptors (87,139–142). 

Alternatively, vRNPs were also shown to associate with the ER and 

proposed to use this route as an alternative before being loaded in 

Rab11 vesicles (143). Recently, it has been demonstrated that vRNPs 

form viral inclusions (aggregates) that display the properties of liquid 

organelles close to ER exit sites (ERES) (144). Furthermore, as one 

vRNP is enough to induce the formation of these liquid inclusions, it has 

been suggested that the viral inclusions were sites dedicated to IAV 

genome assembly (144). The delivery of IAV genomic complex to sites 

of virion assembly at the plasma membrane has been proposed to occur 

on Rab11 vesicles. However, in the light of recent reports, viral 

inclusions and Rab11 may be a way station and a distinct pathway may 

promote IAV genomic complex delivery to the plasma membrane (87). 

HA and NA are transmembrane proteins, both synthesized and 

glycosylated in the ER, and then transported through the classical 
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secretory pathway, to cholesterol-rich domains (lipid rafts) at the plasma 

membrane where they accumulate and recruit M1 to initiate virion 

assembly and budding (145–152). However, this process is apparently 

inefficient and not fully understood (87,148). It was suggested that 

expression of M1 in cells was sufficient to release virus-like particles 

(VLPs) (153). However, this was observed upon M1 overexpression and 

might not represent physiological conditions, as it was later reported that 

expression of HA and NA was enough to release VLPs, independently 

of M1 (146). Interestingly, M1 incorporation in VLPs was dependent on 

HA and NA cytoplasmic tails, which supports a sequential a model of 

HA and NA localizing to lipid rafts and initiating the budding, and then 

recruiting M1 and vRNPs for viral assembly (146). Subsequent studies 

proposed that NA expression alone was sufficient to induce budding of 

VLPs with correct morphology and enzymatic activity (149,154). 

Remarkably, some NAs were only able to induce budding but not 

release in the presence of tetherin, suggesting that budding-competent 

NAs possess a redundant function in virion release (149). However, 

following findings reported M2 to be in the neck of budding virions, and 

the depletion of its amphipathic helix enough to prevent membrane 

fission and virion release (155). Furthermore, HA was able to induce 

budding, but in the absence of M2 virion release was prevented (155). 

Therefore, it suggests that M2 bypasses the need of host factors, 

namely the Endosomal Sorting Complex Required for Transport 

(ESCRT), to release progeny virions (155–158). 

Viral release requires NA-mediated cleavage of sialic acids 

attaching progeny virions to the cell surface or to glycan side-chains in 

other nascent virions, and thus insufficient sialidase activity results in 

viral aggregation in the form of beads on a string (81,159). In order to 

proceed to a new cycle of infection, HA synthesized as the inactive 

precursor HA0 needs to be cleaved into HA1 and HA2 by host proteases 
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in order to present fusion capability (104,160–162). A simplified scheme 

of the viral lifecycle is provided in Fig. 1.2. 

 

 

Fig. 1.2 – Summarized representation of IAV lifecycle. 

 

1.1.4 Ecology 

IAVs are spread across many species. Most IAV strains can be 

found in aquatic fowl, their major reservoir, where they are usually not 

pathogenic (21,91,163,164). IAVs have been isolated from a vast 

ecological niche, including human, pigs, horses, dogs, cats, marine 

animals, and both wild and domestic birds (21,91). IAV are subtyped on 

the basis of the 2 virus surface glycoproteins, HA and NA, into 16 HA 

and 9 NA subtypes. More recently, additional virus subtypes have been 

discovered in bats, but their impact for the ecology, epidemiology and 

circulation of IAV is uncertain (165–167). IAV of 3 subtypes – H1N1, 

H2N2, and H3N2 – have been endemic in humans, with H1N1 and 

H3N2 being the subtypes currently circulating. These are thought to 

have originated from aquatic birds directly or through complex genome 
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reassortment events involving intermediate hosts (9,21,168). Since 

1997, several cases of human infections with different subtypes (H5N1, 

H5N6, H6N1, H7N2, H7N3, H7N7, H7N9, H9N2, H10N7 and H10N8) of 

avian influenza viruses have been identified in humans, with H5N1, 

H5N6, H7N9 and H10N8 associated with high mortality (94,169–172). 

Overall, at least five HA subtypes (H5, H6, H7, H9 and H10) of avian 

IAVs have been identified in humans in conjunction with a multitude of 

NAs, which raised concerns for their pandemic potential (94,173,174). It 

is well-described that IAVs are zoonotic pathogens, able to jump across 

species and establish in avian and mammalian hosts (91,94), but this 

requires sophisticated adaptation processes. For example, in aquatic 

birds where the body temperature is 42°C, influenza viruses replicate 

predominantly in the intestinal tract (175), the HA recognizes 

preferentially 2,3-linked sialic acid receptors and PB2 contains 

glutamic acids at position 627 (21,91,175,176). In humans, endemic IAV 

have adapted to replicating at 35–37 °C in the upper respiratory tract 

with an HA preferring 2,6-linked sialic acid receptors and a lysine 

occupies the 627 position of PB2 (21,91,176). Therefore, there is a lot 

of interest to understand the IAV mechanisms of adaptation. 

 

1.1.5 Antigenic drift and shift 

IAV exhibits a rapid evolution (8,21,22,91,92). IAV possesses an 

error-prone polymerase, which promotes low-fidelity replication (177). 

Recent measurements in the model strain A/Puerto Rico/8/1934 (PR8, 

H1N1) estimate an overall mutation rate of 0.92 to 1.8 x 10-4 

substitutions per nucleotide per strand copied, meaning 1.2 to 2.4 

mutations per replicated genome (177–179). At a first glimpse, this may 

seem detrimental to the virus. However, these mutations may produce 

viruses that are more fit to replicate in a different host and thus 

contribute to viral adaptation to new environments. In addition, it can 

lead to changes in the surface antigenic proteins HA and NA, in a 
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process called antigenic drift (8,21,22). Consequently, this 

heterogeneity may also result in novel antigenic variants able to evade 

the host immune system and cause infection (8,21,22,180). Moreover, 

mutations in the targets of the available antiviral drugs are readily 

selected. Therefore, the low-fidelity replication process also contributes 

to the emergence of drug resistant viruses (8,13,181,182), even to the 

most recent therapies pimodivir (183), favipiravir (184) and baloxavir 

(185), that target the polymerase complex. 

The segmented nature of IAV genome requires an intricate 

packaging process, however it sets the stage for evolution leaps by 

interchanging segments between dissimilar viruses infecting the same 

cell in a process called antigenic shift (8,9,21). Although direct 

transmission between avian and human viruses is thought to have 

occurred in the 1918 Spanish flu, avian-adapted viruses with zoonotic 

potential are often inefficient in transmitting between humans, owing to 

host-restriction mechanisms (detailed in the next section) (21,91,92,94). 

However, co-infection in a permissive host, like swine (168,186), of 

human- and avian-adapted IAVs may constitute suitable mixing vessels 

that produce reassortant IAVs with pandemic potential (2,9,21,94). 

 

1.1.6 HA 

The ability of HA to agglutinate erythrocytes has been well-known 

for a long time, and it was a pioneering way to quantify viruses (187). 

HA gene was identified in 1976 (81) and its structure was resolved in 

the 1980s, revealing a trimer whose subunits contain two different 

domains, the stalk and the globular head, encompassing the conserved 

receptor binding site where sialic acid is bound (Fig. 1.3) (93,188–190). 
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Fig. 1.3 – HA structure and domains (adapted from (190)). 

 

HA is a glycosylated protein and, remarkably, its glycosylation 

levels result from a balance between escape from lectin recognition and 

adaptive immunity, while maintaining viral fitness (191–193). 

Furthermore, it can directly modulate virulence, as addition of two N-

linked glycosylation sites to the HA from 1918 H1N1 resulted in 

decreased virulence (194). After proper folding, HA traffics with NA from 

the trans Golgi network (TGN) to lipid rafts, where they promote the 

initiation of viral budding (145,148,150,151,195). 

HA has two major roles in the viral lifecycle. First, in order to enter 

a cell, HA binds to sialic acid receptors when a virion reaches the cell 

surface (8,93). Initially, the cell receptor was suggested to be a 

polysaccharide (196), however, later it was identified as being sialic 

acids attached to glycoproteins, whose recognition by viral HA 

depended on the species of origin (197). Depending on the receptor 

preference, HA may bind N-glycolylneuraminic acid (Neu5Gc) or N-

acetylneuraminic acid (Neu5Ac) linked to galactose (88,89,198,199). 

Furthermore, linkage orientation is important, as avian hosts express 

α2,3- while human airways express α2,6-linked sialic acid moieties 

(21,91–93,200). Thus, adaptation of a virus to a new host requires the 

adjustment of HA to bind to a new receptor. Additionally, HA adaptation 

has been described as a limiting step for droplet transmission in ferrets 
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(201,202). However, there are still unanswered questions. New types of 

receptors have been recently identified, such as the sialylated Ca2+ 

channel Cav1.2 (203) and non-sialylated phosphorylated receptors 

(93,204). Furthermore, the contribution of HA to incorporation of host 

proteins in the virion, as well as to viral budding and shape is still largely 

unknown (87). 

The other major role of HA in infection is mediating the fusion 

between the viral and endosome membranes to allow release of the viral 

genome into the cytoplasm (93,205). In order to be in its active 

conformation, HA needs to be cleaved by host proteases 

(93,103,160,161), which represent an additional host restriction factor. 

Interestingly, HA cleavage site is directly associated with higher or lower 

pathogenicity of a virus (15,206). While low-pathogenicity HAs possess 

a monobasic cleavage site which can only be cleaved by trypsin-like 

proteases, highly-pathogenic HAs present a polybasic site that can be 

cleaved by other proteases, such as furin, which facilitates virus tropism 

(206,207). Despite no definite identification of the involved proteases in 

human airways, the serine proteases transmembrane serine protease 2 

(TMPRSS2) and human airway trypsin-like protease (HAT), have been 

proposed to activate HA (162,208). 

As HA is the most abundant protein at the viral surface, its antigenic 

potential has been acknowledged, and therefore, it has been the major 

component used in vaccine development (8,14,209). Thus, interactions 

between HA and the host immune system are an attractive subject that 

deserves further research. 

 

1.1.7 NA 

NA, initially called “receptor-destroying enzyme”, is a 

homotetrameric sialidase which is indispensable to a productive 

infection (8,22,159,210). NA gene was identified in 1976 (81) and its 

structure including catalytic and antigenic sites was resolved in 1983 
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(211,212). Each of the NA monomers is composed of a highly conserved 

cytoplasmic tail (CT), a transmembrane domain (TMD), a stalk and a 

catalytic head (Fig. 1.4) (159). 

 

 

Fig. 1.4 – NA structure and domains (adapted from (159)). 

 

NA does not contain a cleavable signal sequence, however its 

NH2-terminal hydrophobic domain functions both as an anchor and as 

a signal for ER translocation, where it is maturated until tetramerization 

(147,213,214). As HA, NA is glycosylated, with repercussions in 

immune evasion and host adaptation (191,193,215). Remarkably, 

adaptation to new hosts and pandemic events have been associated 

with glycosylation site shifts (193). NA co-traffics with HA from the TGN 

to lipid rafts mediated by Rab17 and then Rab23 (150,151). The TMD 

and the highly conserved cytoplasmic NA tail (Fig. 1.4) are essential for 

correct lipid raft accumulation and efficient budding (146,149,152,154). 

NA enzymatic activity in the mucus was observed for the first time 

in 1947 (216). In recent times it was also acknowledged that in order to 

infect a new host, both in humans and swine, NA is required for viral 

invasion, making its way through the mucus layer, as it contains sialic 

acid decoys that are bound by HA and trap incoming virions (217–223). 
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Additionally, efficient aerosol transmission has been suggested to be 

dependent on NA sialidase activity (224). Recently, unconventional 

roles for NA have been proposed. It has been suggested that NA 

participates in cell entry, being involved in a viral motility mechanism that 

allows the virus to roll through the elongated sialylated mucins until 

reaching the cell surface, as well as scanning it for a region of higher 

receptor density (225–228). Additionally, avian- but not human-derived 

NAs possess a second sialic acid-binding site, which improves the 

accessibility of the sialidase catalytic site to 2,3-linked sialic acid 

receptors (229–231). Despite being an antigenic protein, NA content 

has been somehow neglected in vaccines. However, a recent study 

reported that NA promotes the selection of escape mutations to cope 

with HA-targeted immunity and hence should be included in vaccination 

strategies (215,232,233). Due to its preponderant role in viral lifecycle, 

NA is the target for the recommended antivirals zanamivir, oseltamivir 

and most recently peramivir. Oseltamivir is the current standard for IAV 

treatment, however it is not effective against IBV (234,235). Recently, 

novel non-sialic acid analogues NA inhibitors have been proposed as 

lead compounds to develop (236). 

NA is a relatively unspecific sialidase able to use many substrates. 

In a system of viral co-infection of IAV with vesicular stomatitis virus 

(VSV), NA was shown to cleave the sialic acid content of VSV-G within 

the cell (237). Remarkably, purified virions have been shown to cleave 

the precursor protein LAP-TGF-β, activating it, with direct implications in 

host immune response (238,239). As IAV recurrently interacts with sialic 

acid, this raises the prospect that by acting on these moieties, NA may 

modify their function. Therefore, determining which host proteins may 

be substrates of NA, may reveal new aspects of how NA is implicated in 

the regulation of viral-induced pathogenesis. 

 

1.1.8 Host restriction and HA/NA balance 
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IAV is spread amongst many species, but inter-species 

transmission is restricted by many factors, being the host receptor 

preference one of the best described (91,93,94,164,240). Due to 

increased surveillance, there has been the recurrent identification of 

mutations associated with human adaptation in avian-derived IAVs 

(241–243). 

As previously mentioned, in avian-adapted IAV strains, HA and 

NA have preference for α2,3-linked sialic acid receptors, while human-

adapted IAVs bind and cleave α2,6-sialic acid, being this the most 

abundant type of receptor in the human upper airways (93,94,164,240). 

Therefore, for productive infection, HA and NA must be matched to their 

substrate preference. Not surprisingly, changes in the receptor-

destroying NA have been described to accompany HA changes for sialic 

acid linkage preference in receptor host adaptation, while alterations in 

HA have been shown to follow mutations in NA (91,159,193,230,244). 

The complementary functions of HA and NA require both proteins 

to feature well-adjusted activities. HA/NA balance has been defined as 

the balance between HA and NA activities on the complex environment 

comprising cells and mucus (245). Briefly, upon infection, HA binds sialic 

acid moieties, while NA needs to cleave them in order to release the 

newly formed virions. Thus, besides sialic acid preference, both proteins 

must have a balanced strength and substrate accessibility, in order to 

allow a productive infection (159,229,240,246–248). If NA has 

suboptimal activity, budding virions may be clumped together and/or 

stuck to decoy receptors in the mucus layer; conversely, if NA outpowers 

HA, it may cleave sialic acid receptors before the virus is able to trigger 

endocytosis, with both scenarios eventually resulting in virus inability to 

replicate (159,240,248). Recently, the balance between HA and NA has 

also been shown to be required for viral motility (229,245). Interestingly, 

imbalanced HA-NA may reach a productive equilibrium by decreasing 
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protein activity, as illustrated by the increase of pandemic H1N1 severity 

in mice, upon treatment with the NA inhibitor oseltamivir (249). 

Thus, HA and NA ultimately control virulence, as they are the viral 

proteins directly interacting with the host immune system, either innate 

or adaptive (detailed in next section), and they are responsible for 

selecting which cells to infect, due to their roles in cell entry and progeny 

release, respectively. Of note, virulence and flu-derived pathology result 

from a complex interplay between the host immune system, viral factors, 

and also, on occasion, secondary bacterial infections (7,18,250,251). 

Therefore, interaction between HA, NA and host proteins, and how they 

modulate the immune response and disease severity, is a topic that 

needs to be explored. 

 

1.2 Host defenses 

 

1.2.1 The airways 

Human airways cope with approximately 10,000L of air every day, 

which implicates constant exposure to dangerous particles and 

pathogens (252). Recent measurements of air particles estimate that we 

inhale 6 x 106 virus-like particles daily, 5 x 106 indoors and 1x 106 

outdoors (253). Therefore, the immune system in the airways needs to 

be vigilant and quick to respond to any threats, yet tightly restricted to 

prevent unnecessary immunopathology (252,254–256).  

The complex architecture of the respiratory tract is illustrated in 

Fig. 1.5. Throughout the airways, secretory cells such as goblet and club 

cells produce mucins that compose the mucus layer (detailed in next 

section). This layer covers the epithelium, in order to prevent pathogen 

adherence and promote clearance. Ciliated cells enforce the clearance, 

maintaining a continuous flow by synchronously beating their cilia, in a 

process called mucociliary clearance (MCC) (221,222). Inhaled air is 

conducted until the alveoli, where gas exchanges occur. The alveolar 
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epithelium represents 99% of the lung surface, and is mainly composed 

of alveolar epithelial cells (AEC) which ensure gas exchange, cell 

renewal and immunomodulation (257).  

AECs are divided in type 1 (AECI) and type 2 (AECII), in similar 

numbers, but disproportionate surface areas (257,258). AECI occupy 

approximately 95% of the alveolar surface, as they form a thin flat layer 

to allow gas exchange with the surrounding capillaries (257,259). It has 

been proposed that, due to their larger area, AECI promote inflammatory 

responses by detecting invading pathogens and interacting directly with 

macrophages (257,259). On the other hand, AECII are “defenders” of 

the alveoli, as they secrete surfactant, proliferate to renew AECI, control 

alveolar lining fluid levels, take part in innate immunity and minimize 

inflammation (257,258). Besides the physical barrier, airways are 

patrolled by immune cells that quickly respond to challenges. 

 



 20 

 

Fig. 1.5 – Schematic representation of the respiratory tract (kind 

gift from MJ Amorim). 

 

The immune system deals with each pathogen by using and 

building specific defenses, whilst pathogens evolve mechanisms to 

circumvent them, giving rise to a constant host-pathogen tug-of-war that 

promotes host and pathogen co-evolution. This interaction is complex 

and is underpinned by physical barriers that hinder the access of 

pathogens to cells. In addition, a series of immune related cells, listed in 

Table 1.2 and illustrated in Fig. 1.6, which reside in the respiratory tract 

or are recruited to sites of infection once an insult has been detected, 

also regulate this interaction and this will be explored in the next 

sections. We will also explore their involvement in IAV infection as well 

as the mechanisms that the virus has developed (if any) to elude them. 
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Table 1.2 – Immune cells patrolling the airways. 

Resident cells 

Dendritic cells 

Innate lymphoid cells 

Monocytes 

Macrophages 

Natural killer cells 

Neutrophils 

Recruited upon IAV infection 

B cells 

CD4+ T cells 

CD8+ T cells 

Eosinophils 

Monocytes 

Monocytes-derived dendritic cells 

Monocyte-derived macrophages 

Mucosal-associated invariant T cells 

Natural killer cells 

Neutrophils 

γδ T cells 
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Fig. 1.6 – Representation of immune cells involved in response 

to IAV infection (adapted from a scheme by MJ Amorim). 

A: Simplified timeline of the immune response to IAV. Upon infection, 

the innate immune system provides a rapid response to limit initial viral 

replication until the setting of the slower, but more effective adaptive 

response. B: The interferon (IFN) response promotes the production of 
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factors that block viral replication in the infected and adjacent cells. Alveolar 

macrophages (AM) patrol the airways detect the infection via pattern-

recognition receptors (PRR) and respond by activating phagocytosis and 

secreting cytokines that promote an influx of neutrophils, monocytes and 

natural killer (NK) cells. C: These immune cells limit viral replication by 

directly killing infected cells, as well as secreting cytokines. Furthermore, 

monocyte-derived dendritic cells (DCs) contribute to antigen presentation 

and adaptive immune recruitment. However, an excessive response may 

result in tissue damage, without contributing to improve viral clearance. D: 

Later in infection, T cells are recruited to the airways. CD8+ T cells 

differentiate into cytotoxic T lymphocytes (CTLs) which eliminate infected 

cells, while CD4+ T cells participate in B cell priming. An optimal immune 

response will clear the virus, without inflicting unnecessary damage to the 

lung tissue. AM – alveolar macrophage; Comp. – complement; DC – dendritic 

cell; IFN – interferon; NK – natural killer cell. 

 

1.2.2 Physical barrier 

In the airways, the first line of defense against a pathogen such as 

IAV is the mucosal barrier, a multifaceted environment sealed by 

epithelial cells that contains antimicrobial peptides (AMPs), reactive 

oxygen species (ROS), immune cells, complement peptides and sialic 

acid decoys (Fig. 1.5; 1.7) (222,260–263). The mucosal barrier is robust 

and even when challenged by pathogens such as IAV, that dramatically 

affect the airways, destroying ciliated cells and reducing epithelial 

thickness, remains integral (255,264). 

 



 24 

 

Fig. 1.7 – Representation of airway mucosal barrier (kind gift from 

MJ Amorim). 

AMP – antimicrobial peptide; MCC – mucociliary clearance; RNS – 

reactive nitrogen species; ROS – reactive oxygen species. 

 

The mucus layer is a complex structure. It is composed of mucins, 

highly sialylated proteins, that form a structure composed of a periciliary 

and a gel layer (221,222,265,266). The upper thicker layer, composed 

of mucins Muc5ac and Muc5b physically traps the particles or 

pathogens, while the periciliary layer composed of Muc1, Muc4, Muc16 

and Muc20 acts as a lubricant that allows cilia to beat, ensuring the 

mucociliary clearance (MCC) (221,222,265–267). 

There are several mucins, being the most studied upon infection 

the membrane-associated mucin Muc1 and the secreted mucins 

Muc5ac and Muc5b (Table 1.3) (221,268). Besides being part of the 

periciliary layer, the membrane-bound mucin Muc1 also has 

immunomodulatory properties, as its depletion resulted in increased 

inflammation upon Pseudomonas aeruginosa infection (269,270). 

Furthermore, it may act as a decoy-receptor, as its sialylated 

extracellular domain (Muc1-ED) is shed upon IAV binding (271). 

Interestingly, a similar mechanism based on the human sialidase NEU1 

promotes the shedding of Muc1-ED as a decoy for P. aeruginosa, 

revealing the flexibility of this mechanism (272). The secreted mucin 

Complement

Mucin

secretion

Ion/fluid

regulation

AMP

secretion ROS/RNS

production

X X

X
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Trapped

pathogens

Pathogen
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Muc5ac overexpression protected from IAV infection, resulting in lower 

viral loads and neutrophil recruitment, probably due to a thicker mucus 

layer that prevents the virions to reach the epithelial cells (223). 

Additionally, its depletion did not affect MCC nor host survival (273). 

However, Muc5b, another component of the gel layer, is required for 

efficient MCC and consequently general airway defense, with mice 

genetically deficient in Muc5b presenting increased mortality either in 

steady-state or upon Staphylococcus aureus challenge (273). 

Moreover, inhalation of dry air, which alters mucus rheological 

properties, also impairs MCC and tissue repair (274). 

 

Table 1.3 – Mucins studied upon infection. 

Strain Phenotype Ref 

Muc1-/- 

Increased inflammation and P. aeruginosa 

clearance 
(269) 

Increased inflammation and P. aeruginosa 

susceptibility upon repeated challenge 
(270) 

Increased IAV replication and susceptibility (271) 

Muc5ac+/+ Decreased IAV replication (223) 

Muc5ac-/- No alterations in MCC or S. aureus susceptibility (273) 

Muc5b-/- 
Impaired MCC, increased mortality in steady-state 

and upon S. aureus challenge 
(273) 

 

Additionally to mucins, broad spectrum AMPs that reside in the gel 

layer protect the airways from pathogen invasion, via direct inhibition 

and/or by immunomodulation (275–277). Pre-treatment of mice with β-

defensin (Defb4, Bpifa1, Camp) decreased IAV viral loads in a strain 

specific manner, through its immunomodulating activity (276). As an 

example of a direct inhibition, human neutrophil peptide 1 (HNP-1), 

another defensin, inactivates a broad spectrum of viruses, including IAV 

(278). The cathelicidins LL-37 and mCRAMP (human and murine, 

respectively) have been shown to protect mice from IAV infection by 



 26 

directly associating with the virion and by modulating neutrophil 

response when in complex with IAV (279,280). In a similar fashion, 

neutrophil-derived ROS may directly inactivate IAV or modulate the 

innate immune response through mitochondrial-mediated expression of 

interferon-stimulated genes (ISGs) (281,282). 

 

1.2.3 Interferon (IFN) 

Detection of pathogens by host cells is enforced by the presence 

of pattern-recognition receptors (PRR) which recognize pathogen- or 

danger-associated molecular patterns (PAMPs and DAMPs, 

respectively) (60,261,283,284). There are several described cell 

autonomous mechanisms of defense such as stress granules (72,285), 

inflammasomes (284,286), unfolded protein response (UPR) (287,288) 

and MHC-I (289,290), being IFN response the most studied upon IAV 

infection (60,261,291). 

Interferons were discovered in 1957 while studying viral 

interference, and are class 2 -helical cytokines acting early in the 

immune response (292,293). Due to its efficacy against viral infections, 

IFN has been used to treat chronic hepatitis B and C viruses infections 

(292,294). However it causes severe side-effects such as flu-like 

symptoms, lymphopenia, depression and autoimmune complications, 

and therefore patients cannot tolerate high doses (292,294). 

Once IAV enters the cells, the main sensor is the retinoic acid-

inducible gene-I (RIG-I) in the cytoplasm, which detects the 5’-

triphosphate motifs in the viral genetic material (60,291,295–297). Upon 

binding, RIG-I caspase associated recruitment domains (CARDs) are 

ubiquitinated, which promotes the interaction with mitochondrial antiviral 

signaling protein (MAVS) and subsequent nuclear translocation of 

interferon regulatory factor 3 (IRF-3) and nuclear factor-κB (NF-κB) to 

induce type I IFN (IFN-α/β) production (60,261,291,298–300). 

Consequently, type I IFN binding to its receptor interferon-alpha/beta 
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receptor alpha chain (IFNAR1) triggers the Janus kinase/signal 

transducers and activators of transcription (JAK/STAT) pathway and 

stimulates the expression of ISGs such as myxovirus resistance protein 

1 (Mx1/MxA), proteinase kinase R (PKR), oligoadenylate synthase 

(OAS) and interferon-stimulated gene 15 (ISG15), which ultimately lead 

to an antiviral state (60,261,291). In addition, endosomal Toll-like 

receptors (TLR)3/7/8 may perceive viruses that fail to escape the 

endosome (261,291,301,302). 

Alternatively, the production of type II IFN (IFN-γ), mainly by NK 

and T cells, activates its receptor interferon-gamma receptor (IFNGR) in 

epithelial cells, which induces the expression of overlapping but distinct 

ISGs from type I IFNs (261,303,304). Remarkably, depletion of both type 

I and II IFNs led to a detrimental proinflammatory response in IAV-

infected mice that exacerbated disease severity (303). 

Type III IFNs (IFN-λ) act mainly in epithelial cells, where they bind 

the heterodimeric receptor interleukin-28 receptor α/interleukin-10 

receptor β (IL-28Rα/IL-10Rβ), which induces similar ISGs to type I IFNs 

(305–307). In vivo, Type III IFNs are the first being expressed upon IAV 

infection, and prevent uncontrolled initial viral replication (305,308). 

Furthermore, IFN-λ prevents IAV spreading from the upper airways to 

the lungs, which limits disease severity and transmission (309). 

Remarkably, mice depleted of IFN-λ receptors were only moderately 

more susceptible to IAV infection, but mice depleted of both type I and 

III IFN receptors were highly susceptible, even to IAV lacking the 

antagonist NS1, which suggests complementary roles for type I and III 

IFNs (261,305). 

In addition to the cell autonomous response, the multifaceted IFN 

response also modulates immune cell recruitment, as IFN-α inhibition 

led to increased immune cell recruitment, without altering viral loads 

(303). Furthermore, IFN-α treatment of neutrophils increased cytokines 

and chemokines expression (308). Of note, in a strain-specific manner, 
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IAV infection suppressed IFN-α production, and therefore 

downregulated NK cell-mediated IFN-γ secretion (310). In order to 

evade IFN signaling, IAV evolved several mechanisms (60,291,311), 

which are illustrated in Fig. 1.8. 

 

 

Fig. 1.8 – Interferon (IFN) activation pathways and mechanisms 

of IAV evasion. 

 

NS1 is a multifunctional protein which has been considered a 

major IFN antagonist, since infection by IAV lacking NS1 correlates with 

an increase in IFN promoter activity (58). NS1 is able to directly bind 

double-stranded RNA (dsRNA), which suggests that NS1 prevents its 

recognition by cellular sensors (312). Remarkably, NS1 is able to 

directly bind and inhibit RIG-I (313,314) and dsRNA-activated protein 

kinase (PKR) (59). Besides, NS1 targets tripartite motif containing 25 

(TRIM25) and E3 Ubiquitin-Protein Ligase RNF135 (RIPLET), which 

counteracts RIG-I CARD ubiquitination and hinders further pathway 
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activation (299,315). Interestingly, the cytoplasmic truncated 

polypeptide tNS1 was also reported to counteract IFN-β transcription 

(77). In the nucleus, NS1 binds the polyadenylation factor 30-kDa 

cleavage and polyadenylation specificity factor 30 (CPSF30), which 

avoids host mRNA processing and eventually blocks the host immune 

response (54). Recently it was shown that NS1 binds to host pre-

mRNAs, including RIG-I, suggesting a specific posttranscriptional 

inhibition of IFN activation (316). Furthermore, NS1 promotes 

phosphorylation of the repressor element CCAAT/Enhancer Binding 

Protein beta (C/EBPβ) and thus its association to RIG-I promoter region 

(317). Finally, NS1 has recently been shown to inhibit nuclear export, 

thus preventing the translation of host mRNAs (318). 

Besides NS1, other proteins have been reported to be involved in 

IFN evasion (291,311). IAV associates with host RNA polymerase II (Pol 

II) and decreases polymerase occupancy, as well as promotes 

termination failure, independently of NS1, which contributes to host 

shut-off (319). 

NP structural role likely prevents vRNA accessibility to host 

sensors. Nevertheless, NP was shown to recruit the host helicases 

UAP56 and URH49 to unwind any dsRNA generated upon viral genome 

replication (320). 

The components of IAV polymerase complex (PB1, PB2, and PA), 

besides capping vRNPs, also interact with the cellular transcriptional 

repressor DR1, which suppresses the ISGs (321). Individually, PB2 cap-

snatching from host mRNA promotes general inhibition of transcription 

(291) and, in a strain-specific manner, PB2 may localize to mitochondria 

where it is thought to counteract MAVS signaling (322,323). The other 

polypeptide from segment 1, PB1-F2, has also been shown to localize 

to mitochondria and likely hinders MAVS signaling (324,325). 

Furthermore PB1-F2 also interacts with the cytoplasmic protein calcium-

binding and coiled-coil domain 2 (CALCOCO2), which has been 
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proposed to participate in MAVS signaling network (326). PA-X, through 

its endonuclease activity, degrades host mRNA contributing to general 

transcriptional shut-off and thus decreasing IFN activation (72,327). 

M2 contribution to immune evasion remains elusive. However, 

recently it has been shown that M2 associates with mitochondria and 

promotes MAVS self-association and aggregation (328). The major 

surface protein HA has also been shown to contribute to cell 

autonomous immune evasion through its subunits which target 

stimulator of IFN genes (STING) and IFNAR1 (329,330). 

However, uncontrolled IFN activation may be detrimental. Despite 

its inherent protection, type I IFN is also involved in pathogenicity in vitro 

and in vivo (331). This is reinforced by the observation that excessive 

type I IFN signaling promotes epithelial cell death and therefore 

increases IAV-induced immunopathology in mice (332), which is in 

agreement with the described side-effects of IFN therapy (292). 

 Therefore, a robust but controlled early IFN activation is crucial to 

mount an adequate immune response, and further understanding of 

how host and viral factors interact to generate it is of major importance. 

 

1.2.4 Neutrophils 

Neutrophils are polymorphonuclear phagocytic leukocytes that 

promptly respond to danger signals and their associated inflammatory 

mechanisms, accumulating rapidly at the inflammatory sites after being 

recruited from the peripheral blood (16,252,333,334). Recruitment is a 

response to surface TLRs, complement receptors and thrombin-

activated receptors (252,261,335). Importantly, neutrophil deficiency 

increases susceptibility to microbial and fungal infections (336–339). 

At the infection site, neutrophils kill microorganisms and clear 

infections via a series of mechanisms including phagocytosis and 

release of ROS, granular proteins and cytokines. Additionally, several 

studies demonstrated the importance of neutrophil extracellular traps 
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(NETs), a secretion product consisting in DNA, histones, elastase and 

myeloperoxidase, which traps and kills the pathogens, preventing their 

spreading (252,339–342). 

Additionally, a large body of evidence highlights the importance of 

neutrophils in the modulation of the adaptive immune response 

(333,343–345). Upon activation, neutrophils interact with and recruit 

macrophages and NK cells, but also B and T cells, making them crucial 

to the outcome of infection (252,334). Interestingly, neutrophils have 

been shown to leave C-X-C motif chemokine ligand 12 (CXCL12) trails 

for CD8+ T cell recruitment (346), which has been reported as an 

immunopathology driver upon IAV (347) and respiratory syncytial virus 

(RSV) infection (348). Neutrophils have been associated with acute 

respiratory distress syndrome (ARDS), suggesting their deregulated 

response may be deleterious upon viral infection (16,252,349,350).  

Neutrophil heterogeneity has been long described, but only 

recently many subtypes of neutrophils have been classified (333,351–

353). This can be elucidated upon IAV infection, where lung-recruited 

neutrophils express numerous chemokine receptors that are absent in 

circulating neutrophils, suggesting an activation mechanism (354). 

Regardless of these advances, the role of neutrophils in IAV infection is 

still controversial. 

A protective role for neutrophils has been observed upon A/X-31 

(X31; H3N2) infection, as their depletion in mice resulted in exacerbated 

viral loads and lung damage, as well as decreased host survival 

(355,356). Conversely, many studies with other viral strains identified 

neutrophils as promoters of immunopathology, by the fact that 

neutrophil ablation prevented tissue damage without affecting viral loads 

(17,357–359). Overall, these studies suggest that neutrophil response 

must be fine-tuned, and any deviation from the equilibrium may be 

detrimental for disease outcome. Therefore, neutrophils appear to be an 

appealing target to modulate immunopathology. 
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1.2.5 Monocytes and macrophages 

Monocytes are circulating mononuclear phagocytes (360). 

Additionally, monocytes and macrophages are present in human 

airways in steady state, exhibiting a lower inflammatory profile 

(361,362). Upon IAV challenge, infected AECs recruit monocytes 

through the secretion of Regulated on Activation, Normal T cells 

Expressed and Secreted (RANTES)/CCL5 and CCL2/MCP-1 (363–

366), which then differentiate in DCs or macrophages (16,360,367). 

Monocyte-derived DCs and macrophages share intrinsic properties with 

their conventional counterparts and have been studied upon IAV 

infection (362,367). Remarkably, IAV can directly infect macrophages 

(16,368). Regardless of abortive infection in some viral strains (369), 

monocyte-derived macrophages function is modulated by IAV, 

illustrated by the increase in cytokine secretion and phagocytic activity 

(364,370,371). 

As for neutrophils, the protective role of monocytes and 

macrophages upon IAV infection is ambiguous. Tissue resident alveolar 

macrophages (AMs) are necessary to prevent uncontrolled viral 

replication, independently of B and T cells (369,372). A proposed 

mechanism involves the prevention of type I AECs infection, by 

suppressing the cysteinyl leukotriene (cysLT) pathway (373). 

Additionally, IAV-induced monocyte-derived macrophages have been 

shown to confer protection from secondary bacterial infections, after 

infection by the mildly virulent strain A/X-31 (X31) (374). Conversely, 

upon challenge with the more virulent strain A/Puerto Rico/8/34 (PR8), 

CCR2+ monocyte and monocyte-derived cells contribute to 

immunopathology, as their depletion decreased disease severity without 

altering viral loads (375). Furthermore, this detrimental effect was 

amplified by IFNAR1, as delayed viral clearance promoted type I IFN 
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secretion and CCR2+ monocyte recruitment, which was correlated with 

strain virulence and consequently disease severity (376). 

 

1.2.6 NK cells 

Natural Killer (NK) cells are essential for a rapid immune response 

in the lungs (377,378). This is promptly elucidated in mice, where NK 

cells represent around 10% of all lung lymphocytes, the highest 

frequency of all organs (379). NK cells can be activated by anomalous 

cells lacking inhibitory ligands and/or presenting activation ligands 

(378). Activated NK cells promote cytolysis through the release of 

perforin and granzyme, as well as cytokine secretion, mainly IFN-γ 

(310,377,378). Not surprisingly, NK cells are involved in the response to 

viral challenges, including IAV (377,378), both in humans (380) and 

mice (381). 

In a strain-specific manner, IAV triggers NK cells to produce IFN-

γ, which contributes to mount the immune response (310,378). 

Interestingly, NK cell depletion may lead to contradictory outcomes, 

depending on the viral dose (382,383). In infected cells, HA exposed at 

surface binds sialylated NK cell receptors (384–387), which stimulates 

direct cell elimination (388,389). However, IAV is able to counteract 

detection through NA-mediated desialylation of NK cell receptors 

(388,389). Other immune evasion strategies include the direct infection 

of NK cells, promoting apoptosis (390,391) and the HA-induced 

downregulation of granule exocytosis (392). Besides killing infected 

cells, NK cells also promote cell proliferation and tissue regeneration, 

through the production of IL-22 (393). 

In summary, contradictory roles for NK cells in the outcome of IAV 

infection highlight the need of further studies. 

 

1.2.7 Eosinophils, γδ T, MAIT, ILC and platelets 
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The immune system encompasses an astonishing complexity of 

cells and features (344,394) (Fig. 1.9), with distinct contributions to the 

host response. 

 

 

Fig. 1.9 – Components of the innate and adaptive immune 

system. 

Innate immune system is characterized by a rapid response to 

infection, however not specific. Adaptive immune system provides a specific 

and efficient response, however slower. Some immune elements, such as 

the complement system, share properties of both innate and adaptive 

immunity, and bridge them together. Efficient protection against a pathogen 

challenge requires effective communication between the branches of the 

immune system. AM – alveolar macrophage; DC – dendritic cell; ILC – innate 

lymphoid cell; MAIT – mucosal-associated invariant T cell NK – natural killer 

cell; NKT – natural killer T cell. 

 

Eosinophils are granulocytes characterized by their ability to 

release granular cationic proteins and cytokines (395). In steady state, 

eosinophils circulate in reduced numbers, however upon stimuli they are 

quickly mobilized to the site of infection (395). Despite their contribution 

to IAV protection being usually disregarded, recently it has been shown 
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that eosinophils specifically upregulate antiviral genes upon IAV 

challenge (396). Furthermore, it has been suggested their recruitment is 

important for efficient CD8+-mediated immunity, tissue reparation and 

AMPs release (377,395–397). 

γδ T cells are a specific subset of innate-like T cells which express 

γ and δ chains as receptors (398). Upon signaling from DCs and 

macrophages, γδ T cells are recruited during the early stage of IAV 

infection, and are involved in direct killing of infected cells and IFN-γ 

secretion (377,399,400). Similarly to NK cells, HA can directly activate 

γδ T cells upon binding to sialylated receptors (401) (Lu 13). 

Mucosal-associated invariant T cells (MAITs) are innate-like T 

lymphocytes that release cytokines, perforin and granzyme when 

activated (252,399). MAITs are activated after signaling from IAV-

exposed monocytes and contribute to antiviral immunity early in 

infection (402,403). These cells exhibit rapid effector responses upon 

IAV challenge, however are scarce in mice (252,404). 

Innate lymphoid cells (ILCs) encompass three types of cells of 

lymphoid lineage which do not present antigen receptors (252,399,405). 

Following IAV infection, ILCs are essential to maintain respiratory 

function and promote airway remodeling (406). Specifically, ILC2 confer 

protection against pandemic H1N1 by promoting tissue repair 

mechanisms (407). 

Dysfunctional coagulation is often observed upon highly 

pathogenic IAV infection, being an important immunopathology driver 

(408,409). In human patients, platelets have been shown to be activated 

through TLR7 and internalize IAV, however not being infected 

(410,411). Interestingly, HA has been shown to directly bind platelets 

and promote their lysis by antibodies and complement (412). Recently, 

it has also been elucidated the presence of megakaryocytes residing in 

the lung, which display antigen presenting properties, besides platelet 

production (413).  
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1.2.8 Adaptive immunity 

Innate immunity provides an expeditious broad-spectrum 

mechanism to control the infection while the host mounts the specific 

adaptive immune response to clear the pathogen (344,394,398). 

Furthermore, host adaptive immunity confers long-term protection to a 

pathogen. A brief illustration of the adaptive immune response to IAV is 

depicted in Fig. 1.10. 
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Fig. 1.10 – Adaptive immune response to IAV. 

Upon IAV infection, dendritic cells (DCs) recruit CD8+ and CD4+ T 

cells, and present them viral antigens via MHC class I (MHC I) or MHC class 

II (MHC II), respectively. CD8+ undergo clonal expansion, and differentiate 

into cytotoxic T lymphocytes (CTLs), which release antiviral molecules and 

directly kill infected cells. In parallel, CD4+ T cells prime B cells, which 

produce antibodies to target the virus. Both pathways contribute to viral 

clearance. MHC – major histocompatibility complex; TCR – T cell receptor. 

 

 

T and B cells are the major players in adaptive immunity, and have 

been described during the course of IAV infection (8,209,263,399,414). 

Briefly, conventional mature T cells are divided into CD4+ and 

CD8+ cell subsets (263,394,398,399). CD4+ T cells interact with major 

histocompatibility complex (MHC) class II, expressed in antigen-

presenting cells (APCs), while CD8+ T cells recognize peptides from 

within the cell exposed in MHC class I (263,394,398,399). 

The largest group are the CD4+ T cells, enrolling in different 

functions depending on their subset. T helper (Th)1 effector CD4+ T cells 

express cytokines such as IL-2 and IFN-γ and promote CD8+ T cell 

growth (263,394,398,415). Alternatively, Th2 secrete IL-4, IL-5, IL-10 

and IL-13 and drive antibody production (263,398,415). More recently, 

other subsets have been proposed, such as Th17 and Th9, based on 

differential cytokine secretion patterns (263,398,416,417). Additionally, 

other members of CD4+ T cells are the follicular helper T cells (Tfh), 

which trigger activation of B cells and regulatory T cells (Treg) 

(263,394,398). 

Upon detection of viral-originated peptides loaded in MHC class I, 

CD8+ T cells differentiate into cytotoxic T lymphocytes (CTLs), which 

release antiviral molecules and directly kill infected cells through 

granzyme and perforin (263,344,394,398). 
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B cells recognize signals from T cells or APCs and respond by 

producing antibodies (398). Concisely, B cells can be divided in B-1, 

which quickly produce low affinity IgM and B-2, providing a slower but 

more specific response (398). B cell activation can be T cell-

independent, mainly induced by PRR signaling, and result in early IgM 

response to viruses, such as IAV (344,398,418). T cell-dependent 

antibody response requires engagement of the B cell receptor (BCR) by 

an antigen, as well as signaling from Tfh cells and additional cytokines 

to induce class-switch after entering the germinal center (344,394,398). 

Furthermore, associated with class-switch is somatic hypermutation 

(SHM), which promotes the selection of antibodies with higher affinity 

for the antigen, and thus allows the response to a secondary challenge 

to be quicker and more specific (394,398). 

In naive mice, the initial response to IAV is an innate-like B-1 

response (419). Next, the early extrafollicular response of B-2 cells 

assists in clearing the infection, through differentiation of plasmablasts 

secreting specific anti-IAV IgM, IgA and IgG. Interestingly, IgG was 

shown to protect from pathogenesis but IgA was required to prevent 

transmission (420). Finally, the later germinal center response, which 

only peaks around the resolution of the infection, confers long term 

memory (419). 

B and T cell priming is dependent on IAV-activated macrophages 

and DCs migration to lymph nodes (377). DCs recruited to the lungs are 

in tight communication with AECs and contribute to define the immune 

response (421). In fact, an association was found between DC depletion 

and hospitalization upon pandemic H1N1 infection (422). Increased 

disease severity likely resulted from impaired subsequent CD4+ and 

CD8+ T cell recruitment (422). Additionally, DCs may be directly infected 

with IAV, with the level of viral replication modulating antigen 

presentation activity (423). Infected DCs also secrete type I IFNs, which 

then limit the spread of infection (423,424). Alternatively, plasmacytoid 
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DCs with poor endocytic capacity may take up antigens from infected 

cells and expose them to CD8+ T cells (424). Nevertheless, DC-

mediated protection is strain and site specific (425,426). 

Besides their innate roles, neutrophils can also directly present 

antigens acquired by infection or by phagocytosis to CD8+ T cells (427). 

NK cells also contribute to adaptive immunity, by regulating CD8+ cell 

priming and DC migration depending on IFN-γ and perforin (428). 

Additionally, IL-15 supports the generation of lung resident memory 

CD4+ T cells after IAV infection (429). 

Type I and II IFNs are also involved in the regulation of adaptive 

immunity. B cells sense type I IFN before antigen presentation, which 

modulates their response (344,419). The generation of IAV-specific 

CTLs requires the production of IFN-α and IFN-γ (344,430). The switch 

from innate to adaptive immunity depends on IFN-γ producing CD4+ T 

cells in the lungs, illustrated in toddler mice (431). 

In summary, an efficient adaptive immune response to control the 

infection greatly depends on the preceding innate response. Therefore, 

it is critical to understand how viral factors may contribute to modulate 

these networks. 

 

1.2.9 Complement system 

The complement system consists of a cascade of proteolytic 

interactions that lead to the direct killing of the pathogen or infected cell, 

as well as to the recruitment of proinflammatory immune cells (Fig. 11) 

(335,432,433). Remarkably, the central component of this system (C3) 

has been found within the mucus barrier (Fig. 1.5; 1.7) (260), which 

elucidates the role of complement in early immune response in the 

airways. 

There are three pathways of complement activation. The classical 

pathway (CP) is activated by the binding of C1q to IgG or IgM bound to 

the antigen. On the other hand, the lectin pathway (LP) is activated by 
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the binding of mannose-binding lectin (MBL) or ficolins to pathogen 

sugars, and subsequent activation of MBL-associated serine protease 1 

(MASP-1) and 2 (MASP-2). The alternative pathway (AP) is activated 

upon the spontaneous hydrolysis of C3 and ensures a basal level of 

complement activation. Moreover, when needed, it provides a positive 

feedback loop to amplify complement activation. The three pathways 

converge in the cleavage of C3, making it the central piece in the 

complement system (335,432). 

The C3 convertases (CP/LP – C4b2a; AP – C3bBb) cleave C3 in 

C3a and C3b. C3a is a chemoattractant for neutrophils, monocytes and 

T cells (434–436). C3b is an opsonin, promoting the opsonization and 

phagocytosis of the pathogen (335,432). The C5 convertases (CP/LP – 

C4b2aC3b; AP – C3bBbC3b) are formed by the binding of a C3b 

molecule to a C3 convertase and, when assembled, they cleave C5 in 

C5a and C5b (335,432). C5a is an anaphylatoxin (434,435,437,438), 

while C5b deposits on the surface of the target membrane and recruits 

C6, C7, C8 and C9 to form the membrane attack complex (MAC) C5b-

9 (335,432). Considering its hybrid nature, the complement system 

bridges innate and adaptive immune systems. 

Complement has been shown to be activated upon IAV infection 

(435,436,439,440), and is able to directly neutralize virions by the 

deposition of C3 and C4 on their surface (441). Furthermore, C3 is 

required for efficient viral clearance in vivo (440,442). However, 

complement has been described to exacerbate lung injury by C5a-

mediated recruitment of monocytes, neutrophils and T cells 

(434,437,438,443). Recent reports also link IAV-induced excessive 

complement activation to systemic effects, such as increased risk of 

myocardial infarction (408,410,444). Therefore, further studies are 

required to dissect complement-induced modulation of the immune 

response. 
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Fig. 1.11 – Simplified representation of complement pathway. 

Complement system bridges the innate and adaptive immune system. 

There are three pathways of activation. In classical pathway (CP), C1q binds 

to IgG at the surface of the pathogen or infected cell. Similarly, in the lectin 

pathway (LP), lectins such as mannose-binding lectin (MBL) bind danger- or 

pathogen-associated molecular patterns (DAMPs or PAMPs, respectively). 

Both pathways meet in the formation of C4b2a C3 convertase, which will 

then cleave C3. The alternative pathway (AP) is activated by the 

spontaneous cleavage of C3, and forms the AP C3 convertase C3bBb. The 

three pathways converge in C3, making it the central molecule in the 

complement pathway. C4b2a and C3bBb cleave C3 into C3a and C3b. C3a 

is an anaphylatoxin, which promotes inflammation. A C3b molecule 

associates with a C3 convertase, forming the C5 convertases C4b2aC3b 

(CP, LP) or C3bBbC3b (AP). Additionally, C3b directly inhibits the pathogen 

by promoting opsonization. C5 convertases break C5 into C5a and C5b. As 

C3a, C5a is an anaphylatoxin. C5b instead, recruits C6 and initiates a chain 

of associated molecules that results in the formation of the membrane attack 

complex (MAC) C5b-9, a cytolytic pore that deposits at the surface of the 

infected cell or pathogen. As complement is not specific, the host has 

regulators of complement activation (RCAs) which prevent activation in 
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steady state. The two RCAs addressed in this work are the complement 

decay accelerating factor (DAF) and CD59, which inhibit the C3 convertases 

and the assembly of C5b-9, respectively. 

 

1.2.10 Complement decay-accelerating factor (DAF) 

The complement system is a potent yet nonspecific mechanism 

that needs tight regulation. Membrane-bound or soluble regulators of 

complement activation (RCAs) prevent excessive complement 

activation by inhibiting specific steps of the pathway, thus protecting 

healthy host cells (Fig. 1.12) (445,446). RCAs inhibit different steps of 

the complement cascade. The membrane-bound complement decay-

accelerating factor (DAF or CD55), membrane cofactor protein (MCP, 

CD46), human complement receptor type 1 (CR1, CD35) and murine 

complement receptor 1-related gene/protein Y (Crry) possess a variable 

number of short consensus repeats (SCRs), which inhibit convertase 

activity (445,446). On the other hand, CD59 structure does not resemble 

the remaining membrane-bound RCAs, and it hinders the assembly of 

the MAC C5b-9, the same target of the soluble RCAs clusterin and 

vitronectin (445,446). Complement factor H (fH) blocks complement 

activation by binding to specific glycans at cell surface. Factor I (fI) is a 

plasma serine protease that cleaves complement C3b and C4b into the 

inactive or less reactive forms iC3b, C3c and C3d or iC4b, C3c and C3d, 

respectively. 
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Fig. 1.12 – Regulators of complement activation (adapted from 

(445)). 

As complement is a non-specific mechanism, regulators of 

complement activation (RCAs) prevent complement attack in steady state. 

A: Membrane-bound RCAs complement decay-accelerating factor (DAF, 

CD55), membrane cofactor protein (MCP, CD46), complement receptor type 

1 (CR1, CD35; human), complement receptor 1-related gene/protein Y (Crry; 

murine) and CD59. DAF, MCP, CR1 and Crry have a variable number of 

short consensus repeats (SCRs) that inhibit complement C3 convertases. 

CD59 presents a unique structure upon the membrane-bound RCAs, and 

prevents the formation of the membrane attack complex C5b-9. DAF and 

CD59 possess a GPI anchor, while MCP, CR1 and Crry are transmembrane 

proteins. B: Soluble RCAs factor H (fH), factor I (fI), clusterin and vitronectin. 

fH binds host specific glycans and blocks complement activation. fI is a 

protease, that cleaves C3b and C4b in inactive subproducts. Clusterin and 

vitronectin prevent the assembly of C5b-9. 

 

One of the membrane-bound RCAs is DAF, which inhibits the 

assembly of C3 convertases through the action of its modular 

complement regulation domains (Fig. 6) (447–450). In humans, it has 

been observed that DAF deficiency increased complement activation 

with severe systemic implications (451–454). Furthermore, DAF 

deregulation may also impact immune cell recruitment by increased C3b 

and C5a release, resulting in augmented neutrophil infiltration (455). 
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Besides its role in regulating complement activity, DAF performs 

alternative functions (454), as evidenced by its ability to bind immune 

cells expressing the adhesion G protein-coupled receptor CD97 (456–

459). Remarkably, DAF was shown to maintain its RCA activity while 

bound to CD97 (459), thus suggesting that DAF may decrease 

complement activation while increasing leukocyte recruitment 

(456,459). This model is attractive, as macrophages and neutrophils 

express CD97 (460,461). In fact, neutrophil migration in the lungs 

requires CD97, as mice treated with α-CD97 and challenged with S. 

pneumoniae presented lower neutrophil levels in the lungs (460). 

However, as DAF-CD97 is a low affinity ligation (462), DAF is able 

to perform beyond CD97. In the apical side of epithelial cells, DAF helps 

neutrophils transmigrate from the endothelial to the luminal site, 

independently of CD97 (463). Remarkably, the level of transmigration 

correlates with the severity of the inflammatory disease (463). On the 

other hand, DAF is induced upon hypoxia by hypoxia-inducible factors 

(HIFs) and promotes neutrophil transmigration and clearance, 

suggesting a mechanism of protection of the mucosae from excessive 

inflammation (464). However, it has also been shown that the HIF-1α 

downregulates DAF expression in mice lungs, promoting locally 

increased complement activation (465). Taken together, these results 

suggest a feedback mechanism of DAF regulation upon hypoxia in the 

airways, which should be further explored. 

In summary, these studies elucidate DAF potential in modulating 

the immune response to invading pathogens. Further supporting this, 

genomics studies in the aftermath of the 2009 IAV pandemic identified 

DAF downregulation as a putative contributor to poor disease outcome, 

associated with increased complement activation (466–468). As DAF is 

a heavily sialylated glycosylphosphatidylinositol-anchored protein (GPI-

AP), being exposed at the surface of most cell types, including the 
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human and murine airways (465,469–474), it makes it a particularly 

interesting factor upon IAV infection. 

 

1.2.11 Sialic acid 

Sialic acid is an ubiquitous terminal nine-carbon monosaccharide 

modification in proteins with multiple functional implications in biological 

events both in health and disease, including signaling in cell 

proliferation, differentiation and immune response (Fig. 1.13) (475,476). 

 

 

Fig. 1.13 – Sialic acid structure.  

A: Sialic acid is a nine-carbon monosaccharide modification, being the 

most abundant N-acetylneuraminic acid (Neu5Ac) and N-glycolylneuraminic 

acid (Neu5Gc). Remarkably, humans do not express Neu5Gc. B: Sialic acid 

residues are connected to glycan chains by 2,6- or 2,3-linkages. C: NAs 

exhibit preference for sialic acid linkages. Avian-adapted strains cleave 2,3-

linked sialic acid, while human-adapted cleave 2,6-linkages. 

 



 46 

In immunity regulation, it has been shown that sialic acid is 

involved in complement activation (477–479), sialic acid-binding 

immunoglobulin-type lectin (Siglec)-mediated self- vs. non self-

recognition by masking specific epitopes (480,481), as well as in IgG 

regulation at Fc or Fab domains (482,483). Furthermore, desialylation 

by host or microbial sialidases has been reported to activate neutrophils 

and monocytes (484–486). 

The role of sialic acid has also been reported in secondary 

infection by S. pneumoniae, as it utilizes sialic acid released upon IAV 

infection to proliferate (487). It has also been proposed that IAV may 

cause localized immunodeficiency in the airways by altering IgA 

clearance kinetics through sialic acid cleavage (488). 

Recently, it has been shown that high mannose at the surface of 

IAV infected cells activates the complement via the LP (489), 

demonstrating the role of sugars in cell recognition. Thus, viral-induced 

alterations in sialic acid levels may pose relevant functional implications 

in immune response.  

 

1.3 Final remarks 

 

Host-pathogen interactions are very complex and ultimately the 

progression and outcome of viral infections results from viral and host 

factors. Viruses are equipped with PAMPs that alert the host of their 

presence. The host possesses PRRs that detect the pathogen and 

initiate the immune response. It is generally accepted that for viral 

infections an aggressive initial innate immune activation favors the host, 

whilst mechanisms that prolong inflammation are detrimental, and 

associated with severe outcomes. This paradigm underpins for example 

the sex differences observed for coronavirus disease 2019 (COVID-19) 

that leads to reduced number of deaths in women, despite similar 

incidence of infection in both sexes (490,491). 
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On the other hand, evidence suggests that the host response to a 

pathogen challenge needs to be fine-tuned, with any deviations from 

such equilibrium being detrimental. Damage may be inflicted by the 

pathogen itself, or by an excessive immune attack resulting in 

immunopathology (492). 

The ultimate outcome of infection is either host survival or death 

(Fig. 1.14-A). Host protection may be conceded by one of two distinct 

mechanisms: disease resistance or disease tolerance (261,493). 

Disease resistance consists in eliminating the pathogen with an 

adequate immune response, and is illustrated by lower pathogen loads 

when compared to a control (Fig. 1.14-B). On the other hand, disease 

tolerance entails host resilience to infection that is achieved by 

preventing immunopathology. It is characterized by lower tissue 

damage despite unaltered pathogen loads (Fig. 1.14-C). Therefore, the 

threshold of the immune response needed to clear the pathogen without 

provoking immunopathology is very subtle. 

In respiratory viral infections, including IAV, severe complications 

usually derive from an exacerbated immune response that provokes 

tissue damage (Fig. 1.14-D) (494,495). 
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Fig. 1.14 – Representation of possible infection outcomes. 

A: Upon infection with a pathogen such as IAV, disease may progress 

differently, as illustrated by body weight loss. B: Disease resistance occurs 

when a host immune system efficiently clears the pathogen, thus preventing 

a severe outcome. C: Disease tolerance arises when, while sustaining 

similar pathogen loads, a host immune response is regulated and prevents 

unnecessary tissue damage. D: Severe or fatal outcomes result from 

uncontrolled pathogen loads and/or immunopathology from a 

disproportionate immune response. 

 

Remarkably, tissue damage poses the opportunity for secondary 

bacterial infections, increasing morbidity and mortality after viral 

infections (18,19,487,496). Therefore, minimizing immunopathology in 

the lungs is of utmost importance. 

Pandemic viral infections caused by IAV and the recent severe 

acute respiratory coronavirus 2 (SARS-CoV-2) exhibit a very 

heterogeneous and non-linear disease progression (497). Identifying 

intrinsic risk factors, understanding how host and viral determinants 

Host 1 Host 2 Host 1 Host 2

Host 1 Host 2 Host 1 Host 2

Host 1 Host 2 Host 1 Host 2
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work in concert and contribute to this heterogeneity may uncover new 

therapeutic targets with decreased proneness to develop resistance. 

Recently, defects in type I IFN response have been associated 

with the more severe cases of COVID-19 (498,499), suggesting that the 

initial immune response defines the disease outcome. Nevertheless, 

there are other players involved in mounting the immune response, such 

as the complement system. Disease severity and mortality have been 

associated with excessive complement activation in several viral 

infections such as severe acute respiratory syndrome coronavirus 

(SARS-CoV) (443,500), middle eastern respiratory syndrome 

coronavirus (MERS-CoV) (501), SARS-CoV-2 (502,503) and IAV 

(434,437,438). However, it is still unclear how fine-tuning complement 

activation may impact in the development of disease severity. One way 

to address this is by targeting complement regulators. 

 

1.4 Aims and general objectives 

 

1.4.1 Aims and general objectives 

It is well accepted that viral pathogenesis results from the 

interaction of host and viral factors. Several host factors contributing to 

pathology have been identified, however more factors likely remain to 

be elucidated. Moreover, how these factors interact is still poorly 

understood. In this work, we aim to explore host and viral factors that 

contribute to IAV-induced pathogenesis. Specifically, we focus on the 

host sialylated complement regulator DAF, and the viral proteins that 

bind and cleave sialic acid, HA and NA, respectively (Fig. 1.15). 
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Fig. 1.15 – Objectives proposed for this thesis. 

In this work we aim to dissect host and viral factors that could modulate 

viral pathogenesis. Particularly, we will focus on the interplay between the 

host protein DAF, with the viral proteins HA and NA. 

 

1.4.2 Chapter 2 – Complement decay-accelerating factor 

increases immunopathology via complement activation and immune cell 

recruitment  

DAF inhibits complement attack, hence we would expect 

increased complement activation in DAF depleted mice, with 

consequences to tissue damage and/or viral clearance. Preliminary data 

indicated that DAF contributed to IAV pathology, without altering viral 

loads. We dissected the immune response in the absence of DAF, and 

its role in complement activation. Furthermore, we studied the 

detrimental role of DAF upon infection with different reassortant viruses, 

defining the role of DAF-HA and DAF-NA interactions to the immune 

response. 

 

1.4.3 Chapter 3 – Influenza A virus neuraminidase cleaves sialic 

acid from the complement decay-accelerating factor and activates 

complement 

In the previous chapter we observed that DAF-NA interactions 

modulate the innate immune response. DAF is a sialylated protein, and 

it has been proposed that NA could cleave sialic acid from host proteins, 

with impact in the immune response. Here we tested the ability of NA to 
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cleave DAF sialic acid moieties, and explored a mechanism that may 

link to exacerbation of in vivo pathology.  

 

1.4.4 Chapter 4 – Mutation S110L of H1N1 influenza A virus 

hemagglutinin: a potent determinant of attenuation 

In the previous chapters we focused on how the interaction 

between a host and viral factors contributes to pathology, without 

affecting viral loads. Here, we assessed the role of a mutation in viral 

protein HA in conferring attenuation, thus providing an alternative 

mechanism of modulating viral-induced pathogenesis. 
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2.2 Summary 

 

Clearance of viral infections, such as influenza A virus (IAV), must 

be fine-tuned to eliminate the pathogen without causing 

immunopathology. As such, an aggressive initial innate immune 

response favors the host in contrast to a detrimental prolonged 

inflammation. The complement pathway bridges the innate and adaptive 

immune system and contributes to the response by directly clearing 

pathogens or infected cells, as well as recruiting proinflammatory 

immune cells and regulating inflammation. However, the impact of 

modulating complement activation in viral infections is still unclear. 

In this work, we targeted the complement decay-accelerating 

factor (DAF/CD55), a surface protein that protects cells from non-

specific complement attack, and analyzed its role in IAV infections. We 

found that DAF modulates IAV infection in vivo, via an interplay with the 

antigenic viral proteins hemagglutinin (HA) and neuraminidase (NA), in 

a strain specific manner. 

Our results reveal that, contrary to what could be expected, DAF 

potentiates complement activation, increasing the recruitment of 

neutrophils, monocytes and T cells. Remarkably, this mechanism has 

no impact on viral loads but rather on the host resilience to infection. 
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2.3 Introduction 

 

Host-pathogen interactions are very complex with both parts 

contributing to the progression and outcome of infections. In the case of 

viruses, pathogen- and damage-associated molecular patterns (PAMP 

and DAMP, respectively) are detected by pattern recognition receptors 

(PRR) alerting the host of their presence, and triggering the immune 

response to clear the infection (1,2). It is generally accepted that for viral 

infections, an aggressive initial activation of innate immunity favors the 

host, whilst mechanisms that originate prolonged inflammation are 

associated with severe outcomes. This paradigm underpins for example 

the sex differences observed for coronavirus disease 19 (COVID-19), 

that results in lower death rate in women, despite similar incidence of 

infection in both sexes (3–5). However, an excessive immune response 

activation might destabilize the equilibrium needed to eliminate the 

pathogen without causing tissue damage, and lead to immunopathology 

(6,7). It is therefore important to determine the host factors and viral 

characteristics that result in an efficient immune response for clearing 

the pathogen without provoking immunopathology. 

Influenza A virus (IAV) is the prevalent cause of seasonal flu, a 

relevant health problem as it kills up to 600,000 people worldwide yearly 

(8). IAV replication occurs in the upper and lower respiratory tracts, 

peaks normally 2 days after infection, and in most cases little virus shed 

can be detected after 6 days (9). Usually, symptoms (fever, cough, acute 

viral nasopharyngitis, headache) clear after 7-10 days, with fatigue 

enduring for weeks, without serious outcomes (8,10,11). In a proportion 

of people, however, severe complications occur, with the elderly, 

immunosuppressed, pregnant women, and people with associated 

comorbidities being at higher risk (12). IAV can also provoke pandemic 

outbreaks, associated with zoonotic events, which lead to significant 

higher mortality than seasonal epidemics. The 1918 Spanish influenza, 
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for example, caused up to 50 million deaths (13). Complications may 

include hemorrhagic bronchitis, pneumonia (primary viral or secondary 

bacterial), and death (14–17). They usually derive from an exacerbated 

immune response leading to tissue damage (18,19). Identifying intrinsic 

risk factors that contribute to severe disease outcomes may minimize 

immunopathology in the lungs and uncover new therapeutic targets with 

decreased proneness to develop resistance. 

Defects in type I IFN response have been associated with the 

more severe cases of COVID-19 (20,21), suggesting that the initial steps 

in immune activation define disease outcome. However, there are other 

players involved in mounting immune responses, such as the 

complement system. The complement system has been extensively 

reviewed (22–24) and consists in a cascade of proteolytic interactions 

that lead to the direct killing of the pathogen or infected cell, as well as 

proinflammatory immune cell recruitment. Remarkably, C3 has been 

found within the mucus barrier (25), which elucidates complement role 

in early immune response upon pathogen infection in the airways. 

Disease severity and mortality have been associated with both lack or 

excess of complement activation in several viral infections such as 

severe acute respiratory syndrome coronavirus (SARS-CoV) (26,27), 

middle eastern respiratory syndrome coronavirus (MERS-CoV) (28), 

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (29–

31), and IAV (32–34). However, it is still unclear how fine-tuning 

complement activation may impact in the development of disease 

severity. 

One strategy to tune complement activation in infection is to target 

its regulators. Complement decay-accelerating factor (DAF/CD55) is a 

membrane-bound regulator of complement activation (RCA) exposed at 

the surface of most cell types, including human and murine airways (35–

37). DAF promotes the decay of C3 convertases, thus protecting healthy 

cells from non-specific complement attack, and inhibiting the release of 
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anaphylatoxins that would recruit and activate the immune response 

(38–40). In humans, it has been reported that DAF deficiency leads to 

excess complement activation with systemic implications such as 

hemolysis, in a condition named paroxysmal nocturnal haemoglobinuria 

(PNH) (41–43). In order to improve their life condition, PNH patients take 

complement inhibitors, which increase proneness to infections, being 

11.2% of viral origin (43,44). Within those, 21.7% are caused by IAV 

(44). Furthermore, higher risk of severity upon infection with pandemic 

and avian IAV strains has been associated with SNPs in DAF promoter 

region decreasing protein expression (45,46). 

Previously in our lab, we observed that mice depleted of DAF were 

protected from human circulating strains of IAV, A/California/7/2009 

(Cal) and A/England/195/2009 (Eng), elucidated by decreased 

bodyweight loss and mortality (Fig. 2.1-A, B).  
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Fig. 2.1 – Complement decay-accelerating factor (DAF) 

aggravates IAV infection in vivo. 

A, B: Bodyweight loss (A) and mortality (B) of C57BL/6J WT or Daf-/- mice 

infected with 1000 PFU of A/California/7/2009 (Cal) (Inf n = 8; mock n = 3 for 

per group) C, D: Bodyweight loss (C) and mortality (D) of C57BL/6J WT or 

Daf-/- mice infected with 1000 PFU of A/England/195/2009 (Eng) (Inf n = 9 

per group; mock n = 5 and n = 4 for WT and Daf-/- respectively). Results are 

expressed as mean±sd, statistical analysis detailed in materials and 

methods. 

 

Additionally, Daf-/- mice were protected upon challenge with the 

lower virulence lab-adapted strain A/X-31 (X31 is a reassortant strain of 

PR8 containing segments 4 and 6 from A/Hong Kong/1/68 (HK68) (47) 

and for clarity purposes, the X31 strain will be mentioned as PR8-HK4,6 

throughout this work), but not from the more virulent A/Puerto 
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Rico/8/1934 (PR8) (Fig. 2.2-A, D). This protection was conferred 

specifically by DAF absence, but not the terminal RCA CD59 (40) (Fig. 

2.2-E, F). 
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Fig. 2.2 – Daf-/- mice are protected against PR8-HK4,6, but not 

PR8, and protection is specific of this RCA. 

A, B: Bodyweight loss (A) and mortality (B) of C57BL/6J WT or Daf-/- mice 

infected with the indicated doses of A/Puerto Rico/8/1934 (PR8) (A: Inf n = 8 

per group; mock n = 7 and n = 4 for WT and Daf-/- respectively; B: Inf n = 9 

and n = 10, mock n = 8 and n = 4 for WT and Daf-/- respectively). C, D: 

Bodyweight loss (C) and mortality (D) of C57BL/6J WT or Daf-/- mice infected 

with the indicated doses of A/X-31 (PR8-HK4,6) (C: Inf n = 9 and n = 10, 

mock n = 8 and n = 4 for WT and Daf-/- respectively; D: Inf n = 7 and n = 8, 

mock n = 3 and n = 2 for WT and Daf-/- respectively). E, F: Bodyweight loss 

(E) and mortality (F) of C57BL/6J WT or Cd59-/- mice infected with the 

indicated doses of PR8-HK4,6 (E: Inf n = 10 and n = 11 for WT and Daf-/- 

respectively, mock = 7 per group; F: Inf n = 10 per group, mock n = 4 and n 

= 7 for WT and Daf-/- respectively). Results are expressed as mean±sd, 

statistical analysis detailed in materials and methods. 

 

Interestingly, upon PR8-HK4,6 infection, DAF did not alter viral 

replication, clearance (Fig. 2.3-A, B) or tissue penetration (Fig. 2.3-C, 

D), however its presence increased lung tissue damage (Fig. 2.3-E, F). 
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Fig. 2.3 – DAF does not affect viral replication, clearance, or 

tissue penetration, but is an immunopathology instigator.  

A, B: Lung viral titers of C57BL/6J WT or Daf-/- mice infected with 1000 PFU 

of A/X-31 (PR8HK4,6). Samples collected at 3 d.p.i. (A, n = 13 and n = 14 

for WT and Daf-/- respectively) and 6 d.p.i. (B, n = 18 and n = 19 for WT and 

Daf-/- respectively). C: Immunohistochemistry detection of IAV nucleoprotein 

(NP) in WT or Daf-/- mice 3 d.p.i. with 1000 PFU of PR8HK4,6 (+ healthy; + 

infected). D: Quantification of infected bronchioli (n = 6 per group). E, F: 

Histological score of C57BL/6J WT or Daf-/- mice infected with 1000 PFU of 

PR8HK4,6 was assessed blindly. Evaluated parameters detailed in Table 

S1. Samples collected at 3 d.p.i. (E, n = 11 and n = 10 for WT and Daf-/- 

respectively) and 6 d.p.i. (F, n = 15 per group). Results are expressed as 

mean±sd. Statistical analysis detailed in materials and methods. 

 

The severity of viral infections is not homogeneous, with both viral 

and host factors contributing to viral pathology (48). Importantly, the host 

immune response may dictate the infection outcome, independently of 
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pathogen clearance (2,6). In this chapter, we explore the role of a host 

protein, DAF, in activating complement and modulating IAV infection via 

an interplay with the antigenic viral proteins hemagglutinin (HA) and 

neuraminidase (NA). 

We observed that DAF, contrary to what could be expected, 

potentiates complement activation upon IAV infection. Furthermore, 

DAF leads to increased immune cell recruitment, especially of 

neutrophils, monocytes and T cells, increasing lung immunopathology 

without altering viral loads, therefore revealing a novel mechanism of 

virulence in infection. These results help to understand how a host factor 

could define the outcome of a viral infection, without affecting viral 

elimination. 
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2.4 Results 

 

2.4.1 DAF-induced immunopathology relies on elevated 

complement activation, immune cell recruitment and levels of IFN-γ. 

Immune response to viral infections such as IAV must be tightly 

regulated in order to clear the pathogen without causing 

immunopathology. The complement system is at the frontline of the 

immune response, recognizing pathogens, and activating and recruiting 

immune cells. The absence of a regulator of this system, such as DAF, 

is expected to increase complement activation, resulting in more 

efficient viral clearance and/or increased tissue damage. Preliminary 

data indicated that DAF exerts a detrimental effect for the host during 

mildly virulent IAV infection, without altering viral loads. As DAF is a 

complement regulator, these results suggest an important role for 

complement in modulating disease outcome. To further dissect the 

mechanisms behind such role, we focused on infections with PR8-

HK4,6 as it is a well-described laboratorial model, with a virulence 

resembling circulating strains (Fig. 2.1-A-D; 2.2-C, D). 

We first focused on determining the role of the complement 

pathway upon IAV infection. For that purpose, C57BL/6J C3-/- (C3-/-) and 

C57BL/6J C3-/- / Daf-/- (C3-/- / Daf-/-) mice were infected with 500 PFU of 

PR8-HK4,6 or mock infected with PBS and bodyweight loss monitored 

over the course of infection. As expected (49,50), mock infected mice 

did not exhibit bodyweight loss during the 11 days of monitoring for all 

the conditions (Fig. 2.4-A). Conversely, infected mice lost significant 

weight, with C3-/- mice losing significantly more bodyweight than the WT. 

In fact, C3-/- mice lost up to 20.8% of the initial bodyweight, when WT 

mice lost only 9.8%. However, upon infection, the double knocked-out 

mice C3-/- / Daf-/- mice, lost the weight loss difference, presenting a 

bodyweight loss comparable to that observed for C3-/- mice, losing up to 

20.5% of the initial bodyweight (Fig. 2.4-A). These results show that the 
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protection of Daf-/- mice is C3-dependent, and thus complement 

mediated.  

DAF regulates complement activation by accelerating the decay 

of C3 convertases, reducing the levels of C3a. Hence, we proceeded by 

analyzing the levels of C3a in the bronchoalveolar lavages (BALs) of 

PR8-HK4,6 infected WT or Daf-/- mice. The main differences in tissue 

damage occurred at 6 d.p.i., and therefore we limited our analysis to that 

time point. Quite surprisingly, in PR8-HK4,6 infected Daf-/- mice the 

levels of C3a were of 439.8±474.6 ng/ml, and in WT mice of 

1425.0±899.5 ng/ml (Fig. 2.4-B). Thus, IAV infection induced lower 

complement activation in Daf-/- mice than in WT mice, indicating that 

complement activation may play a role in increased tissue damage of 

WT mice. Taken together, these results highlight the equilibrium needed 

to clear the disease without causing damage and the important role of 

complement in both these processes.  

The complement pathway is a cascade of reactions that will 

release cytokines for recruitment and activation of the immune system, 

and culminating in the formation of a cytolytic pore (C5b-9). Our results 

showed that depletion of CD59, inhibitor of C5b-9, does not impact 

disease outcome in the context of IAV infection (Fig. 2.2-E, F), 

suggesting that the protection observed in Daf-/- mice does not rely on 

complement-dependent cytotoxicity (CDC). To confirm this hypothesis, 

WT and Daf-/- murine primary lung cells were infected with PR8-HK4,6, 

treated with serum collected from naïve WT mice, and cell viability 

assessed as a measurement of CDC. Daf-/--derived lung cells were more 

prone to CDC than WT-derived ones, both at steady state (57.7±2.1% 

vs. 25.4±1.5%) and upon PR8-HK4,6 infection (72.6±2.3% vs. 

38.5±5.1%). This effect is specific of complement attack, as heat-

inactivated serum did not increase cell death (Fig. 2.4-C), and confirms 

that Daf-/- mice protection is not dependent on complement cytolytic 

attack. 
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Given that Daf-/- mice have lower complement activation but that 

protection does not depend on CDC, it should rely on the release of 

anaphylatoxins leading to an alteration of immune cell recruitment 

and/or activation. To assess this, WT and Daf-/- mice were infected with 

1000 PFU of PR8-HK4,6 and the recruitment of specific immune cell 

types measured in BALs. Analyses were carried at 3 and 6 d.p.i. in order 

to uncouple the first rapid response from a more mature later one. At 3 

d.p.i. we observed that Daf-/- mice had similar numbers of natural killer 

(NK) cells and neutrophils recruited to the lungs, when compared to WT 

mice (84.4±16.8% vs. 100±71.0% NK cells; 79.7±47.4% vs. 100±59.3% 

neutrophils), but lower numbers of monocytes (66.3±30.3% vs. 

100±25.6%) (Fig. 2.4-D-F). At 6 d.p.i., Daf-/- mice maintained the lower 

number of monocytes when compared to WT mice (58.1±30.3% vs. 

100±35.8%), and also had reduced levels of neutrophils (69.1±28.8% 

vs. 100±27.5%) (Fig. 2.4-G, H). Levels of NK cells were not analyzed at 

this time point, nor in following analysis, as depletion of NK cells in PR8-

HK4,6 infected WT mice did not alter disease outcome (Fig. 2.S1-A, B). 

Additionally, we analyzed recruitment of adaptive immune cells, namely 

CD4+ and CD8+ T cells that have been shown to play an important role 

in IAV infection (51). Interestingly, there was no difference in recruitment 

of both CD4+ and CD8+ T cells (Fig. 2.4-I, J), indicating that the 

protection observed in Daf-/- mice is likely dependent on lower 

immunopathology mediated by the innate immune response.  

Cytokines are also key players in the recruitment and activation of 

the immune system. IFN-γ, in particular, is an essential player in viral 

responses, and, like all members of the immune system, can cause 

tissue damage. Indeed, it has recently been shown that IFN-γ, which is 

produced upon IAV infection, is detrimental to the host by suppressing 

the protective effect of group II innate lymphoid cells (ILC2) (52). 

Therefore, levels of IFN-γ were measured in BALs of PR8-HK4,6-

infected WT and Daf-/- mice at 6 d.p.i.. Daf-/- mice had significantly lower 



 98 

levels of IFN-γ than WT (22.9±24.3 pg/mL vs. 44.4±32.5 pg/mL) (Fig. 

2.4-K), which is in accordance with the reduced immunopathology and 

tissue damage in this context. 

Taken together these results suggest that lower complement 

activation leads to a reduced immune response and recruitment of 

innate immune cells, such as neutrophils and monocytes. This will allow 

a reduction in tissue damage, ameliorating disease outcome. 

Interestingly, and counter-intuitively, the decrease in complement 

activation is a consequence of the absence of a major complement 

regulator, DAF.  



 99 

 



 100 

Fig. 2.4 – Daf-/- mice have reduced complement activation and 

recruitment of innate immune cells.  

A: Bodyweight loss of C57BL/6J WT, C3-/- or C3-/- / Daf-/- mice infected with 

500 PFU of A/X-31 (PR8-HK4,6) (Inf n = 10, n = 6 and n = 10, mock n = 5, n 

= 5 and n = 7 for WT, C3-/- and C3-/- / Daf-/- respectively). Results are 

expressed as mean±sd. B: C3a levels in BALs of C57BL/6J WT (n = 7) or 

Daf-/- (n = 8) mice 6 d.p.i. with 1000 PFU of PR8-HK4,6. Results are 

expressed as mean±sd. C: Cell death of primary lung cells derived from WT 

or Daf-/- mice infected or mock-infected with PR8-HK4,6 and treated with 

serum. Results are expressed as mean±sd from 3 replicates from 2 

independent experiments.  D, E, F: Analysis of NK cells (D, n = 6 and n = 3 

for WT and Daf-/- respectively), neutrophils (E, n = 11 and n = 10 for WT and 

Daf-/- respectively) and monocytes (F, n = 11 and n = 10 for WT and Daf-/- 

respectively) levels in BALs of WT or Daf-/- mice, 3 d.p.i. with 1000 PFU PR8-

HK4,6. Results are expressed as mean±sd. G, H, I, J, K: Analysis of 

neutrophils (G), monocytes (H), CD4+ T cells (I), CD8+ T cells (J) and IFN-γ 

(K) levels in BALs of WT or Daf-/- mice, 6 d.p.i. with 1000 PFU PR8-HK4,6 (n 

= 10 per group). Results are expressed as mean±sd. Statistical analysis 

detailed in materials and methods. 

 

2.4.2 DAF-HA interaction modulates adaptive immune cell 

recruitment. 

 We observed that lack of DAF protected mice from infection with 

PR8-HK4,6, but not with PR8 (Fig. 2.2-A-D). These strains differ only in 

haemagglutinin (HA) and neuraminidase (NA) (47). To investigate the 

individual role of these proteins in the resilience to infection, we 

constructed chimeric viruses in PR8 background containing either HA 

(PR8-HK4) or NA (PR8-HK6) from HK68. It is important to note that 

analyses are performed in comparison with PR8-HK4,6 infections and 

not PR8. Therefore, it is the removal of HK6 in PR8-HK4 that will allow 

investigating the contributions of different NAs, and the removal of HK4 

in PR8-HK6 that will enable assessment of the contributions of HAs.  
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 On a first step, Daf-/- and WT mice were infected with PR8-HK6, 

hence highlighting the role of HA. Infection with a sublethal dose of PR8-

HK6 resulted in a modest amelioration of bodyweight loss in Daf-/- mice, 

reaching -16.8% of the initial bodyweight, when compared to WT mice 

that lost up to 20.1% of the initial bodyweight (Fig. 2.5-A). When infected 

with lethal doses of this strain, both Daf-/- and WT mice had a mortality 

of 100% (Fig. 2.5-B). In vitro and ex vivo experiments had shown that 

this strain had increased replication levels when compared to PR8, PR8-

HK4,6 or PR8-HK4 (Fig. 2.S2-A-E). Therefore, we hypothesized that the 

increased mortality of Daf-/- mice, when compared to infection with the 

other strains, could be due to increased viral titers. Interestingly, 

analysis of lung viral loads showed no difference between Daf-/- and WT 

mice both at 3 and 6 d.p.i. (Fig. 2.5-C, D) and titers were not higher that 

those observed for the infection with PR8-HK4,6 (Fig. 2.3-A, B). 

Therefore, HA-DAF interaction modulates virulence, without impacting 

in viral replication or clearance in vivo.  

As HA is involved in adhesion of viral particles to host cells, we 

asked if differences in HA would impact tissue penetration. As observed 

in PR8-HK4,6 infected mice, IHC of NP and quantification of infected 

bronchioli showed no difference in infection levels and patterns between 

Daf-/- and WT mice (Fig. 2.5-E, F), indicating that HA-DAF interaction 

has no role in this context. Additionally, analysis of tissue damage 

showed that histological scores between Daf-/- and WT mice were similar 

at 3 d.p.i. (4.7±3.5 vs. 4.1±2.8) (Fig. 2.5-G), but significantly reduced in 

Daf-/- mice when compared to WT at 6 d.p.i. (7.4±3.7 vs. 10.9±2.8) (Fig. 

2.5-H). These results show that HA-DAF interaction contributes to 

disease severity and worse disease outcome observed in WT mice, but 

does not impact lung tissue damage and hence does not completely 

explain the protective effect of DAF absence. 
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Fig. 2.5 – DAF interaction with HA worsens disease outcome, 

without increasing immunopathology.  

A, B: Bodyweight loss (A) and mortality (B) of C57BL/6J WT or Daf-/- mice 

infected with the indicated doses of A/Puerto Rico/8/1934 with segment 6 

from A/Hong Kong/1/68 (PR8-HK6). (A: Inf n = 16 and n = 18, mock n = 6 

and n = 7 for WT and Daf-/- respectively; B: Inf n = 12 and n = 9, mock n = 4 

and n = 2 for WT and Daf-/- respectively). Results are expressed as mean±sd. 

C, D: Lung viral titers of C57BL/6J WT or Daf-/- mice infected with 20 PFU of 

PR8-HK6. Samples collected at 3 d.p.i. (C) and 6 d.p.i. (D) (n = 10 and n = 7 

for WT and Daf-/- respectively). E: Immunohistochemistry detection of IAV 

nucleoprotein (NP) in WT or Daf-/- 3 d.p.i. with 20 PFU of PR8-HK6 (+ healthy; 

+ infected). F: Quantification of infected bronchioli (n = 5 per group). G, H: 

Histological score of C57BL/6J WT or Daf-/- mice infected with 20 PFU of 

PR8-HK6. Samples collected at 3 d.p.i. (E, n = 10 and n = 7 for WT and Daf-

/- respectively) and 6 d.p.i. (F, n = 10 and n = 8 for WT and Daf-/- respectively). 

Results are expressed as mean±sd. Statistical analysis detailed in materials 

and methods. 
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To better understand the role of HA-DAF interaction in disease 

outcome, we analyzed complement and immune cell recruitment in the 

lungs of PR8-HK6 infected mice. Interestingly C3-/- and C3-/- / Daf-/- mice 

had similar bodyweight loss when infected with PR8-HK6 (Fig. 2.6-A), 

and the levels of C3a were reduced in BALs of Daf-/- mice when 

compared to their WT counterparts (178.4±36.8ng/mL vs. 

405.8±99.2ng/mL) (Fig. 2.6-B). These observations correspond to what 

was seen in PR8-HK4,6 infection and indicate that different HA-DAF 

interactions do not elicit different complement responses. 

Analysis of lung immune cell recruitment in PR8-HK6 infected 

mice showed that at 3 d.p.i. levels of neutrophils and monocytes were 

identical between Daf-/- and WT mice (Fig. 2.6-C, D). At 6 d.p.i, however, 

Daf-/- mice had lower numbers of neutrophils and monocytes when 

compared to their WT counterparts (58.6±21.3% vs. 100±36.41% 

neutrophils; 61.4±19.6% vs. 100±41.45% monocytes) (Fig. 2.6-E, F) 

showing that a change in HA does not alter the innate immune cell 

recruitment observed in PR8-HK4,6. Of note, the levels of CD4+ and 

CD8+ T cells were decreased in PR8-HK6 infected Daf-/- mice when 

compared to their WT counterparts (57.5±26.2% vs. 100±35.9% CD4+ 

T cells and 49.3±36.7% vs. 100±50.5% CD8+ T cells) (Fig. 2.6-G, H), 

contrarily to what was seen in PR8-HK4,6 infection (Fig. 2.4-I, J) and 

showing that HA-DAF interaction modulates the adaptive immune 

response. 

Taken together these results show that HA-DAF interaction 

controls disease severity, without impacting complement or innate 

immune responses leading to immunopathology. It does, however, 

impact the recruitment of T cells. The decreased activation of the 

adaptive immune response, together with the higher virulence of this 

strain may exceed the beneficial effect of reduced tissue damage and 

explain the similar mortality in Daf-/- and WT mice. 
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Fig. 2.6 – Daf-/- mice have reduced complement activation and T 

cell recruitment upon PR8-HK6 infection.  

A: Bodyweight loss of C57BL/6J WT C3-/- or C3-/- / Daf-/- mice infected with 

20 PFU of A/Puerto Rico/8/1934 with segment 6 from A/Hong Kong/1/68 

(PR8-HK6) (Inf n = 10, n = 10 and n = 4, mock n = 4, n = 3 and n = 1, for WT, 

C3-/- and C3-/- / Daf-/- respectively). Results are expressed as mean±sd. B: 

C3a levels in BALs of C57BL/6J WT (n = 10) or Daf-/- (n = 8) mice 6 d.p.i. 

with 20 PFU of PR8-HK6. Results are expressed as mean±sd. C, D: Analysis 

of neutrophils (C) and monocytes (D) levels in BALs of WT (n = 7) or Daf-/- (n 

= 6) mice, 3 d.p.i. with 10 PFU PR8-HK6. Results are expressed as 

mean±sd. E, F, G, H: Analysis of neutrophils (E), monocyte (F), CD4+ T cells 

(G) and CD8+ T cells (H) levels in BALs of WT (n = 10) or Daf-/- (n = 8) mice, 

6 d.p.i. with 20 PFU PR8-HK6. Results are expressed as mean±sd. 

Statistical analysis detailed in materials and methods. 

 

2.4.3 DAF-NA interaction modulates innate immune cell 

recruitment. 

As HA-DAF interaction did not impact complement nor innate 

immune responses, we proceeded with analysis of NA-DAF 
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interactions. Following the principle stated above, analyses were done 

in comparison with PR8-HK4,6 and not PR8 and thus the removal of 

HK6 from PR8-HK4,6 allowed assessing the role of different NAs. 

Therefore, to understand the contribution of NA in the protection 

conferred by DAF depletion, Daf-/- and WT mice were infected with 

sublethal and lethal doses of PR8-HK4. Upon infection with this strain, 

Daf-/- mice showed a reduced bodyweight loss when compared to the 

WT mice (17.7% vs. 21.8% maximum bodyweight loss) (Fig. 2.7-A). The 

detrimental effect of DAF was more evident when mice were challenged 

with lethal doses. Indeed, 87.5% of WT mice succumbed to infection 

with 250 PFU of PR8-HK4, whereas all of Daf-/- mice survived (Fig. 2.7-

B). As these results correspond to what was observed with PR8-HK4,6, 

NA-DAF interaction does not directly impact disease severity.  

Similarly, lung viral loads were identical in Daf-/- and WT mice 

infected with PR8-HK4 both at 3 (2.2±1.9 x 106 PFU/g vs. 4.1±5.5 x 106 

PFU/g) and 6 d.p.i. (8.8±9.9 PFU/g x 104 vs. 6.1±4.1 x 104 PFU/g). Also, 

PR8-HK4 infection foci were mainly restricted to the alveoli with no 

difference at the level of infected bronchioli in Daf-/- and WT mice lung 

sections (25.8±8.3% vs. 24.2±13.6%) (Fig. 2.7-E, F). These results 

show that NA-DAF interaction does not impact viral replication, 

clearance or tissue penetration. Interestingly, further analysis of PR8-

HK4 infected lungs showed that the lungs of Daf-/- mice were more 

damaged at 3 d.p.i. with a histological score of 4.3±0.9, when compared 

to lungs from WT mice that had a score of 2.9±1.5. At 6 d.p.i. this 

difference was no longer present, Daf-/- lungs having a score of 8.3±3.8, 

and WT of 9.2±3.1. Hence PR8-HK4 infected Daf-/- mice have more lung 

tissue damage at an early time point in infection, when compared to WT 

mice, and oppositely to what was observed in PR8-HK4,6 infection. NA-

DAF interaction would then control lung immunopathology in this 

context, but with no real consequence in disease outcome, as Daf-/- still 
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had decreased bodyweight loss and mortality when compared to the 

WT. 
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Fig. 2.7 – DAF interaction with NA modulates immunopathology.  

A, B: Bodyweight loss (A) and mortality (B) of C57BL/6J WT or Daf-/- mice 

infected with the indicated doses of A/Puerto Rico/8/1934 with segment 4 

from A/Hong Kong/1/68 (PR8-HK4). (A: Inf n = 14 and n = 10, mock n = 4 

and n = 1 for WT and Daf-/- respectively; B: Inf n = 8 per group, mock n = 4 

and n = 1 for WT and Daf-/- respectively). Results are expressed as mean±sd. 

C, D: Lung viral titers of C57BL/6J WT or Daf-/- mice infected with 100 PFU 

of PR8-HK4. Samples collected at 3 d.p.i. (C, n = 9 and n = 8 for WT and 

Daf-/- respectively) and 6 d.p.i. (D, n = 9 per group). Results are expressed 

as mean±sd. E: Immunohistochemistry detection of IAV nucleoprotein (NP) 

in WT or Daf-/- 3 d.p.i. with 100 PFU of PR8-HK4 (+ healthy; + infected). F: 

Quantification of infected bronchioli (n = 5 per group). G, H: Histological score 

of C57BL/6J WT or Daf-/- mice infected with 100 PFU of PR8-HK4. Samples 

collected at 3 d.p.i. (G, Inf n = 16 and n = 18, mock n = 6 and n = 7 for WT 

and Daf-/- respectively) and 6 d.p.i. (H, Inf n = 13 and n = 9, mock n = 4 and 

n = 2 for WT and Daf-/- respectively). Results are expressed as mean±sd. 

Statistical analysis detailed in materials and methods. 

 

To better understand the mechanism behind this observation, we 

started by assessing the role of complement. C3-/- / Daf-/- and C3-/- mice 

had a similar bodyweight loss upon PR8-HK4 infection (Fig. 2.8-A), and 

Daf-/- mice had significantly lower levels of C3a detected in BALs at 6 

d.p.i. when compared to their WT counterparts (194.4±115.6 ng/mL vs. 

506.4±180.2 ng/mL) (Fig. 2.8-B). These results confirm that, similarly to 

what was observed in PR8-HK4,6 and PR8-HK6 infections, the 

protection of Daf-/- mice upon PR8-HK4 infection is complement 

mediated, and Daf-/- mice might be protected via lower levels of 

complement activation. 

We then proceeded with analysis of immune cell recruitment to the 

lungs at 3 and 6 d.p.i.. At 3 d.p.i., Daf-/- mice had reduced levels of 

neutrophils but not monocytes when compared to their WT counterparts 

(16.2±8.6% vs. 100±112.1% neutrophils; 38.1±21.1% vs. 100±79.5% 
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monocytes) (Fig. 2.8-C, D).  Then, at 6 d.p.i., Daf-/- and WT mice had 

comparable levels of both neutrophils and monocytes, and CD4+ and 

CD8+ T cells (Fig. 2.8-E-J) (105.0±62.9% vs. 100±49.2% neutrophils; 

104.5±54.0% vs. 100±49.1% monocytes; 106±67.0% vs. 100±61.7% 

CD4+ T cells; 104.3±60.6% vs. 100±52.6% CD8+ T cells). These results 

do not correspond to what was observed in infections with PR8-HK4,6, 

where the main differences between Daf-/- and WT mice resided in 

reduced numbers of monocytes at 3 d.p.i., and reduced numbers of both 

neutrophils and monocytes at 6 d.p.i. (Fig. 2.4-E-H). We can therefore 

conclude that different NA elicit different innate immune responses, and 

that NA-DAF interaction is responsible for the recruitment of innate 

immune cells.  

In summary, Daf-/- mice are protected from PR8-HK4 infection with 

decreased complement levels and reduced neutrophil recruitment but 

increased immunopathology early in infection. At later time points we did 

not observe differences between WT and Daf-/- mice regarding both lung 

tissue damage and immune cell recruitment. The reduction in neutrophil 

recruitment reflects what was observed in PR8-HK4,6 infection, albeit at 

an earlier time point. One might then suggest that NA-DAF interaction is 

important in regulation of neutrophil recruitment, and that these cells 

play an important role in modulating disease outcome. 

Taken together, our results demonstrate that both HA and NA play 

a role in disease severity, and that the cumulative effect of both HA- and 

NA-DAF interactions results in the mechanism worsening the outcome 

observed upon Cal, Eng and PR8-HK4,6 infections. 
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Fig. 2.8 – Daf-/- mice present lower complement activation and 

neutrophil recruitment at 3 d.p.i. upon PR8-HK4 infection. 

A: Bodyweight loss of C57BL/6J WT C3-/- or C3-/- / Daf-/- mice infected with 

100 PFU of A/Puerto Rico/8/1934 with segment 4 from A/Hong Kong/1/68 

(PR8-HK4) (Inf n = 14, n = 10, and n = 3, mock n = 4, n = 3 and n = 1 for WT, 

C3-/- and C3-/- / Daf-/- respectively). Results are expressed as mean±sd. B: 

C3a levels in BALs of C57BL/6J WT or Daf-/- mice 6 d.p.i. with 100 PFU of 

PR8-HK4 (n = 9 per group). Results are expressed as mean±sd. C, D: 

Analysis of neutrophils (C) and monocytes (D) levels in BALs of WT or Daf-/- 

mice, 3 d.p.i. with 100 PFU PR8-HK4 (n = 6 per group). Results are 

expressed as mean±sd. E, F, G, H: Analysis of neutrophils (E), monocyte 

(F), CD4+ T cells (G) and CD8+ T cells (H) levels in BALs of WT or Daf-/- mice, 

6 d.p.i. with 100 PFU PR8-HK4 (n = 9 per group). Results are expressed as 

mean±sd. Statistical analysis detailed in materials and methods. 
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2.5 Discussion 

 

This work highlights the importance of a balanced immune 

response to viral infections in order to clear the disease without causing 

immunopathology. The unexpected lower complement activation upon 

IAV infection is contrary to what is observed for autoimmune diseases, 

for which Daf-/- mice have been widely used (53–55). These mice have 

increased disease severity coupled with high complement activation 

levels when compared to their WT counterparts, showing that Daf-/- mice 

do not lack the ability to activate the complement. 

Despite its intrinsic protective role, complement is a documented 

driver of immunopathology in severe viral infections such as IAV (32–

34), SARS-CoV-2 (29–31) and MERS (28). In the context of IAV, 

inhibition of different components of the complement system such as 

C3a receptor and C5 decreased immune cell recruitment and activation 

leading to an ameliorated disease outcome (32–34). Our work is in 

accordance with these studies as Daf-/- mice have less severe disease 

upon IAV infection, coupled with reduced C3a levels in BALs, and a 

lower number of immune cells recruited to the lungs (Fig. 2.4-A, B; 2.6-

A, B; 2.8-A, B). However, C3 is essential in IAV infection. C3-/- and C3-/- 

/ Daf-/- mice had increased mortality when compared to the WT (Fig. 2.3-

A; 2.6-A; 2.8-A) and C3-/- mice presented increased lung inflammation 

and infiltration of immune cells upon IAV infection (50,56). These 

observations show the potential of regulating complement activation as 

a strategy to provide resilience to viral infections, without affecting 

pathogen clearance. 

Interestingly, infection of Cd59-/- mice and analysis of CDC in WT 

and Daf-/- primary lung cells indicated that the last step of the 

complement cascade does not impact disease outcome in IAV infection 

(Fig. 2.2-E, F; 2.4-C; 2.S2-F, G). Rather, it suggests that earlier 

components of the complement cascade, such as anaphylatoxins C3a 
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and/or C5a have a modulatory role of IAV virulence. This hypothesis 

agrees with the function of C3a and C5a as recruiters and activators of 

the innate immune response, which can lead to immunopathology (32–

34). Our results indicate that, in fact, and contrary to expected, in IAV 

infection, lack of DAF leads to reduced activation of complement, lower 

levels of C3a and decreased recruitment of monocytes and neutrophils, 

specifically (see model in Figure 2.9). The lower levels of C3a detected 

in the BALs of Daf-/- mice could explain the lower numbers of innate 

immune cells recruited, and decreased tissue damage. However, 

compared to PR8-HK4,6, infection with PR8-HK6 altered recruitment of 

adaptive immune cells, and PR8-HK4 of innate immune cells, without 

changing the levels of C3a in Daf-/- mice. These results indicate that 

complement is not the sole recruiter and activator of the immune 

response, and that a direct or indirect HA-DAF and/or NA-DAF 

interaction has additional roles to play in immune cell recruitment. 

In fact, we found that HA-DAF interplay impacts recruitment of 

CD4+ and CD8+ T cells, both of which shown to be essential in the 

clearance of IAV (57). The lower levels of these cells in Daf-/- mice might 

annul the beneficial effect of lower lung tissue damage observed at 6 

d.p.i.. Indeed, upon PR8-HK6 challenge, mice bodyweight rapidly 

dropped at 7 d.p.i., whereas in infection with other viral strains loss of 

weight started around 4 d.p.i. and was more gradual, suggesting that 

the adaptive immune system is implicated in the process (10,58). 

Despite HA being amongst the most immunogenic proteins of IAV, and 

hence its involvement in adaptive immune response not surprising 

(58,59), our work shows for the first time a specific interaction of HA with 

DAF and the implications of this axis in T cell recruitment. 

Ablation of neutrophils in IAV infections have been shown to 

prevent tissue damage without affecting viral loads (60–63). In fact, 

these cells have long been associated with acute respiratory distress 

syndrome (64), and extensive neutrophil infiltration and release of 
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neutrophil extracellular traps (NETs) have been linked to increased 

pneumonia severity in critical cases of COVID-19 (65–67). Despite 

these observations, neutrophils are important to the host response 

against IAV infection as neutrophil depletion resulted in exacerbated 

viral loads, lung damage and mortality in mice infected with PR8-HK4,6 

(68,69). In addition to neutrophils, monocytes are readily recruited to 

sites of IAV challenge where they differentiate into macrophages or 

dendritic cells (DC) (70,71) that share many properties with their 

conventional counterparts (72) and have been studied upon IAV 

infection (72,73). Monocyte-derived macrophages contribute to the 

inflammation resolution by clearing apoptotic neutrophils and confer 

lasting protection against secondary bacterial infections (73,74). The 

interaction with apoptotic neutrophils has also been reported to increase 

differentiation of monocytes into DC, promoting adherence of CD8+ T 

cells (74). Conversely, monocyte and monocyte-derived cells may 

contribute to immunopathology, as their depletion decreased disease 

severity without altering viral loads (75–77). These studies show that 

both cell types are essential for IAV infection but can contribute to tissue 

damage, and support our hypothesis that increased immunopathology 

of WT mice upon IAV infection is mediated by excessive recruitment of 

neutrophils and monocytes.  

Upon viral infection the immune response needs to be fine-tuned 

in order to clear the pathogen without promoting immunopathology. 

Therefore, the initial immune response may define the outcome of 

disease, and any deviations from the equilibrium may result in a poor 

disease outcome. We identified DAF as a novel virulence factor, and 

observed that its interaction with the viral proteins HA and NA modulates 

the immune response. The mechanism of interaction between DAF and 

NA will be addressed in the following chapter. 
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Fig. 2.9 – Proposed model for DAF as a virulence factor upon IAV 

infection (adapted from MJ Amorim). 

DAF is a regulator of complement activation (RCA), and therefore 

inhibits non-specific activation of complement in steady state. However, we 

observed that, upon IAV challenge, DAF increases complement activation. 

Interestingly, complement-dependent cytotoxicity (CDC) is not affected, but 

instead there is an increase in C3a- (and likely C5a-)mediated immune cell 

recruitment. As illustrated, the amplified immune response in the presence 

of DAF (WT) does not contribute to viral clearance, but it promotes tissue 

damage and consequently worse disease outcome. Remarkably, the 

recruitment of the innate or adaptive immune system depends on the 

interaction of DAF with viral NA or HA, respectively, which will be explored 

in the following chapter. AM – alveolar macrophage. 

 

 

  



 114 

2.6 Materials and methods 

 

2.6.1 Statistical analyses 

All statistical analyses were conducted using GraphPad Prism 6. 

Detailed statistics and number of replicates for all experiments can be 

found in the figure legends and/or in the main text. Bodyweight loss: 

Statistical significance represented as *p < 0.05, **p < 0.01, ***p < 0.001, 

using two-way ANOVA followed by Holm-Sidak multiple comparisons 

test. Survival curves: Statistical significance compared with WT using 

Log-rank (Mantel-Cox) test. Compare two groups: Population normality 

assessed with D’Agostino & Pearson omnibus normality test. Statistical 

significance using unpaired t-test with Welch’s correction for normal 

populations or Mann-Whitney test for populations whose normality was 

not proved. Multiple comparisons: Population normality assessed with 

D’Agostino & Pearson omnibus normality test. Kruskal-Wallis followed 

by Dunn’s multiple comparisons test for populations whose normality 

was not proved. 

 

2.6.2 Ethics statement 

All animals were housed at IGC facilities under specific pathogen 

free conditions and fed ad libitum. Experimental animal procedures were 

previously approved by the IGC Animal Ethics Committee and licensed 

by the Portuguese General Directory of Veterinary (DGAV, Ministry of 

Agriculture, Rural Development and Fishing), with references 

A016/2013 and A013/2019. All animals were housed and handled 

according with good animal practice as defined by national authorities 

(DGAV, Law nº1005/92 from 23rd October) and European legislation 

EEC/86/609. C57BL6/J wild-type (WT) mice were provided by the IGC 

animal facility. C57BL6/J Daf-/- (Daf-/-) and C57BL6/J Cd59-/- (Cd59-/-) 

were previously bred and genotyped in the IGC animal facility from 

C57BL6/J Daf-/- / Cd59a-/- mice (kindly provided by Prof. Wen-Chao 
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Song) crossed with WT mice from the IGC animal facility. C57BL6/J C3-

/- / Daf-/- (C3-/- / Daf-/-) and C57BL6/J C3-/- / Cd59-/- (C3-/- / Cd59-/-) mice 

were previously bred and genotyped in the IGC animal facility from Daf-

/- or Cd59a-/- mice crossed with C57BL6/J C3-/- mice from the IGC animal 

facility (kindly provided by Dr. Miguel Soares). 

 

2.6.3 Mice infection 

All experiments with animals were performed at IGC biosafety 

level 2 (BSL-2) animal facility. Under light anesthesia with isoflurane, 8-

10 weeks old female mice were intranasally infected with a solution of 

30µl of PBS containing the indicated viral doses. Mice were daily 

weighed for bodyweight assessment (Fig. 10-A) or sacrificed via CO2 

inhalation at the indicated timepoints for further analysis (Fig. 10-B). 

 

 

Fig. 2.10 – Experimental setup of mice infection. 

Mice were intranasally infected with the indicated viral doses and were either 

monitored for bodyweight loss for 11 days (A) or sacrificed at 3 or 6 days 

post-infection (d.p.i.) for further analysis (B). 

 

2.6.4 Viral loads 

To determine viral loads, right lower lung lobes were aseptically 

collected and frozen immediately. Viruses were collected by grinding the 

lungs in Dulbecco’s modified Eagle’s medium (DMEM; Gibco®, 

21969035) supplemented with 200mM L-glutamine (Life Technologies, 

25030-024), 100U/ml penicillin and 10μg/ml streptomycin (Biowest, 

L0022-100) (serum-free DMEM), using tungsten carbide beads 
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(Qiagen, 69997) in a TissueLyser II (Qiagen) at 20Hz for 3min. After 

centrifugation at 2000g, 5min, 4ºC, supernatants were collected and 

titrated. 

 

2.6.5 Histology and Immunohistochemistry (IHC) 

Left lung lobes were collected and fixed in 10% buffered formalin 

for 48h, then embedded in paraffin, divided into longitudinal sections 

(3μm thick) and stained with hematoxylin and eosin. To score lung 

inflammation and damage, lung samples were screened for the 

following parameters (Table S1): interstitial (alveolar septa) 

inflammation, alveolar inflammation, perivascular/peribronchial 

inflammation, bronchial exudates, bronchial epithelium hyperplasia, and 

edema. Each parameter was graded on a scale of 0–4 being 0, absent; 

1, very mild; 2, mild; 3, moderate; and 4, severe. The total lung 

inflammation score was expressed as the sum of the scores for each 

parameter. Histological scoring was performed blindly by a pathologist. 

For IHC, tissue sections were deparaffinized, rehydrated, and 

heated in citrate buffer (40mM sodium citrate dihydrate, 60mM citric 

acid, pH 6) and blocked with 1:50 Fc block reagent (rat anti-mouse 

CD16/CD32, IGC antibody facility, clone 2.4G2). Slides were then 

incubated with rabbit α-NP (78) 1:1000 for 16h at 4ºC. After blocking of 

endogenous peroxidases with 3% (v/v) H2O2, sections were incubated 

with ImmPRESS® HRP Horse Anti-Rabbit IgG Polymer Detection Kit 

(Vector Laboratories, MP-7401-15) for 1h at RT and then with DAB 

substrate (Roche, 11718096001) according to manufacturer’s 

instructions. Finally, lung sections were contrasted with Mayer 

Hematoxylin and images taken in a NanoZoomer-SQ Digital slide 

scanner (Hamamatsu Photonics). Visual inspection to assess the 

proportion of infected bronchioli was performed blindly. 

 

2.6.6 Bronchoalveolar lavage (BAL) 
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After sacrifice by CO2 inhalation, mice were dissected, exposing 

lungs and trachea. A small incision was performed in the upper trachea 

and a catheter (Braun, 4253329) carefully inserted until the base of the 

lungs. 1ml of sterile PBS was then pushed slowly into the lung with a 

1ml syringe, and then retrieved. Samples were centrifuged 5min at 

16000g, 4ºC. Supernatants were collected and stored at -20ºC and cells 

were analyzed by flow cytometry. 

 

2.6.7 ELISA 

BAL supernatants were thawed on ice and probed with Mouse 

C3a (TECOmedical, TE1038) or Mouse IFN-γ DuoSet ELISA (R&D 

Systems, DY485-05), following the manufacturer’s instructions. 

Calibration curves and concentration interpolation were calculated using 

GraphPad Prism 6. 

 

2.6.8 Flow cytometry 

Cells from BAL were suspended in 100µl FC buffer (PBS 

supplemented with 2% FBS and 0.1% NaN3) and transferred to a 96-

well V-bottom plate (Thermo Scientific Nunc, 10580382). 

Cells were centrifuged at 666g, 2min, 4ºC and stained with 50µl 

primary antibodies (Table S2) for 20min, on ice, protected from light and 

with light rocking. Afterwards, cells were washed with PBS and stained 

with live-dead Zombie Aqua Fixable Viability Kit (BioLegend, 423101) 

according to manufacturer’s instructions. Finally, cells were washed with 

PBS and fixed with IC fixation buffer (Life Technologies, 00-8222-49) 

following manufacturer’s indications. 

Cells were acquired in a BD LSRFortessa™ X-20 analyzer (BD 

Biosciences), equipped with BD FACSDiva™ 8 acquisition software (BD 

Biosciences). Results were analyzed using FlowJo 10 (BD Biosciences, 

version v10.6.2). 
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2.6.9 Immune cell depletion 

Natural killer (NK) cells were depleted by intraperitoneal (IP) 

injection of 200µg α-NK1.1 (IGC antibody facility, clone PK136) in 200µl 

PBS every 72h, starting 72h before infection. 

 

2.6.10 Primary mouse embryo fibroblasts (MEF) isolation 

MEF cells were isolated from WT or Daf-/- mice as previously 

described (79). Breedings were set up in a timed manner and embryos 

harvested at stages between E13.5 to E15.5. Embryos were carefully 

isolated from the yolk sac; the head, visceral tissues and blood clots 

removed, and the remaining tissue macerated using a scalpel blade. 

Macerated tissue was then transferred to a T75 flask containing DMEM 

supplemented with fetal bovine serum (FBS; Gibco®, S181i-500), 10% 

(v/v), 200 mM L-glutamine, 100 U/ml penicillin and 10 μg/ml 

streptomycin (complete DMEM) and incubated at 37ºC, 5% CO2 for 48h. 

Cells that grew from the tissue were harvested with trypsin-EDTA 

(Biowest, X0930-100), expanded to T150 flasks and, when 100% 

confluent, frozen in FBS with 10% DMSO and kept in liquid nitrogen until 

needed for experiments. This was performed by Zoé E Vaz da Silva. 

 

2.6.11 Primary mouse lung cells isolation 

Primary lung cells were isolated from WT or Daf-/- mice adapted 

from (80). After sacrifice by CO2 inhalation, mice were dissected, 

exposing lungs and trachea. Mice were exsanguinated by cutting the 

inferior vena cava and perfused with 20ml of PBS through the right 

ventricle. A small incision was performed in the upper trachea and a 

catheter (Braun, 4253329) carefully inserted until the base of the lungs. 

First, 1.5ml of sterile collagenase D (Roche, 11088858001) 0.5% (w/v) 

in PBS was pushed slowly into the lung with a 1ml syringe, followed by 

0.5ml agarose (Lonza, 733-0829) 1% (w/v) in PBS. After 2min 

incubation, lungs were collected in one piece to 2ml of collagenase D 
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and incubated for 40min, at room temperature. Subsequently, lungs 

were transferred to a culture dish with 10ml of complete DMEM 

supplemented with 5U DNase I (NZYTech, MB13402) and lung tissue 

dissected and minced with a scalpel blade. Dissociated cells were 

filtered through a 100µm cell strainer, centrifuge at 650g, room 

temperature, for 5min, and resuspended in complete DMEM. Cells were 

counted and plated in a 6 well plate at ~9 x 105 cells/well and incubated 

at 37ºC, 5% CO2 for 48h. 

 

2.6.12 Cell culture 

Madin-Darby canine kidney cells (MDCK), primary MEFs and 

primary murine lung cells were cultured in complete DMEM. Cells were 

kept in T50 flasks at 37ºC, 5% CO2 and sub-cultured every 3 to 4 days 

using trypsin-EDTA. 

 

2.6.13 Influenza A virus strains 

Reverse-genetics derived A/Puerto Rico/8/34 (PR8, H1N1) (kindly 

provided by Prof. Ron Fouchier) and A/X-31, a recombinant virus 

containing segments 4 and 6 from A/Hong Kong/01/1968 and the 

remaining from A/Puerto Rico/8/34 (47) (PR8-HK4,6, H3N2) (kindly 

provided by Prof. Paul Digard) were used as model viruses.  

Viruses were grown in eggs as following: embryonated chicken 

eggs were incubated at 37ºC for 10 days. After that, the egg shell was 

lightly sanded with a rotary tool and a hole was pierced with a sterile 

27G needle on top of the egg and on the opposite side of the embryo. 

Through that hole, 100 PFU of virus diluted in 200μl PBS were injected 

into the allantoic fluid of the egg. Infected eggs were incubated at 37ºC 

for 2-3 days, and then at -20ºC for 2h. Viruses were collected by opening 

the eggs and carefully retrieving the allantoic fluid. After centrifugation 

at 3500g, 5min, 4ºC to remove debris, the virus solution was aliquoted 

and kept at -80ºC. 
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2.6.14 Reverse genetics 

Reverse genetics production of PR8-HK4 and PR8-HK6 was 

conducted as previously described (81–83). pDual plasmids encoding 

PR8 segments were a kind gift from Prof. Ron Fouchier, (Erasmus MC, 

Netherlands). pDual plasmids encoding HK68 segments 4 and 6 were 

a kind gift from Prof. Paul Digard, (Roslin Institute, UK) Briefly, HEK293T 

cells were transfected in 6-well plates using Lipofectamine 2000 

(ThermoFisher, 11668027) according to manufacturer’s 

recommendations, with 250ng of each of the 8 pDual plasmids each 

encoding the corresponding viral segments. After 16h of incubation, 

culture medium was removed and added serum-free DMEM containing 

1μg/ml Trypsin-TPCK and 0.14% (w/v) BSA. After further incubation for 

48h at 37ºC, 5% CO2, cells were scraped to the medium and collected. 

After centrifugation at 800g, 5min, 4ºC, supernatants were titrated and 

amplified in embryonated chicken eggs. 

 

2.6.15 Virus titration by Plaque Assay 

Plaque assays were conducted as previously described (84,85). 

Dissociated lung tissue samples were serially 10-fold diluted in serum-

free DMEM, and used to infect MDCK cells plated at 80% confluence. 

After 45 min incubation at 37ºC, cells were overlaid with an Avicel® 

solution (50% (v/v) Avicel® (FMC BioPolymer, CL-611F) / 50% (v/v) 

serum-free DMEM / 1μg/mL Trypsin-TPCK (Worthington, 39N11492) / 

0.14% (v/v) bovine serum albumin (BSA; PAA, K45-00)) and incubated 

at 37ºC, 5% CO2 for 36-48h. Supernatant was then removed, cells 

washed with PBS, fixed and stained with a solution of 4% (v/v) 

paraformaldehyde (PFA; VWR 0493) / 0.2% (v/v) Toluidine Blue 

(Sigma-Aldrich, T3260) / pH = 7.4, overnight at room temperature. After 

washing the cells with tap water, plaques were counted by visual 

inspection. 
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2.6.16 Infections 

Cells were seeded in culture plates at appropriate density and 

incubated overnight. For one-step infections, virus inoculum was added 

in serum-free DMEM at the MOI of 3 and incubated for 45min. 

Afterwards, samples were overlaid with serum-free DMEM 

supplemented with 0.14% (v/v) BSA. For multicycle infections, virus 

inoculum was added in serum-free DMEM at a MOI of 0.005 and 

incubated for 1h. After removing the inoculum, cells were overlaid with 

serum-free DMEM containing 0.14% (v/v) BSA and 1μg/mL Trypsin-

TPCK. Cells were then incubated at 37ºC, 5% CO2 for the indicated 

times. 

 

2.6.17 Complement-dependent cytotoxicity (CDC) 

Primary lung cells isolated from WT or Daf-/- mice were infected 

with PR8, PR8-HK4,6, PR8-HK4 or PR8-HK6. At 12h.p.i., supernatant 

was removed and cells were washed with PBS and then detached by 

incubation with 5mM EDTA (Sigma-Aldrich, 03690) in PBS for 10min, 

37ºC. Cells were then centrifuged at 666g, 4ºC for 5min, resuspended 

in veronal buffer (CompTech, B100) and added to a 96-well V-bottom 

plate (Thermo Scientific Nunc, 10580382), adjusted to 106 cells per well 

in 100µl. Serum obtained from WT mice or heat-inactivated serum 

(56ºC, 30min) were added at a final concentration of 50%. Cells were 

incubated with serum for 1h at 37ºC. Afterwards, cells were centrifuged 

and washed with 200µl PBS and stained with live-dead Zombie Aqua 

Fixable Viability Kit (BioLegend, 423101) according to manufacturer’s 

instructions. Cells were centrifuged and washed as above and fixed with 

IC fixation buffer (Life Technologies, 00-8222-49) following 

manufacturer’s instructions. Cells were then analyzed by flow cytometry. 
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2.9 Supplementary material 

 

 

Fig. 2.S1 – NK cell depletion does not alter disease outcome. 

A: Representative flow cytometry detection of NK cells (gated in CD45+ 

population) in C57BL/6J WT 72 hours after depletion via intraperitoneal (IP) 

injection of α-NK1.1. B: Bodyweight loss of C57BL/6J WT mice infected with 

100 PFU of A/X-31 (PR8-HK4,6) and depleted of NK cells by IP injection of 

α-NK1.1 every 72 hours, starting 72 hours before infection (Inf n = 5 and 

mock n = 1 per group). Results are expressed as mean±sd. Statistical 

analysis detailed in materials and methods. 
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Fig. 2.S2 – DAF does not affect replication of PR8, PR8-HK4,6, 

PR8-HK4 and PR8-HK6. 

A: Measurement of viral plaques diameter after infection of MDCK cells 

monolayers. Data shown as mean±sd of the total plaques from two 

independent experiments, each corresponding to six independent infections 

for each virus. Each point represents an individual plaque. B-E: Replication 

kinetics of A/Puerto Rico/8/1934 (PR8) (B), A/X-31 (PR8-HK4,6) (C), PR8 

containing the segment 4 of A/Hong Kong/1/68 (HK68) (PR8-HK4) (D) and 

PR8 containing the segment 6 of HK68 (PR8-HK6) (E) in mouse embryonic 

fibroblasts (MEFs) derived from C57BL/6J WT or Daf-/- mice at multiplicity of 

infection (MOI) = 0.005. Data shown as mean±SEM, from two independent 

experiments. F, G: Percentage of cell death of murine lung primary cells after 

infection with the indicated viruses and treatment with serum (F) or heat-

inactivated serum (G). Data shown as mean±sd of triplicates, representative 

of two independent experiments. Statistical analysis detailed in materials and 

methods. 
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Fig. 2.S3 – Representative flow cytometry gating strategy 

(adapted from Zoé E Vaz da Silva). 

 

 

Table 2.S1 –Histological scoring parameters. 

 

 

 

 

 

 

 

 

IAV C57BL/6J d.p.i. median IQR median IQR median IQR median IQR median IQR median IQR

3 1 0 0 1 2 0 2 2 0 0 0 0

6 3 1 3 2 3 0 2 1 2 2 0 0

3 1 1 0 0 2 1 1 1 0 0 0 0

6 2 1 2 1 3 0 2 1 2 1 0 0

3 0 0 0 0 1 1 1 1 0 0 0 0

6 3 1 2 1 3 0 1 0 0 0 0 0

3 1 1 0 1 2 1 2 1 0 0 0 0

6 1 2 1 2 3 1 1 0 0 0 0 0

3 0 0 0 0 2 2 1 1 0 0 0 0

6 4 1 4 1 3 2 2 2 0 0 0 0

3 1 1 0 0 3 2 1 0 0 0 0 0

6 3 2 3 2 2 0 1 1 0 0 0 0

WT
PR8 

HK4,6
Daf

-/-

Interstitial inflammation Alveolar inflammation Perivascular/peribronchial inflammation Bronchial exsudates Bronchial epithelium hyperplasia Edema

PR8 

HK4

PR8 

HK6
Daf

-/-

WT

Daf
-/-

WT
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Table 2.S2 – Antibodies used in flow cytometry. 

 

 

 

 

 

 

 

 

 

  

Target Brand Catalog Clone Host Diluted 1:

CD11b/Mac1-BV605 Ms IGC Antibody Facility - M1/70 Rt 100

GR1/Ly-6G-PE Ms BD Pharmingen 551461 1A8 Rt 200

Ly-6C-PerCPCy5.5 Ms eBioscience 45-5932-80 HK1.4 Rt 200

CD3-FITC Ms IGC Antibody Facility - AH Rt 100

CD4-PE-Cy7 Ms IGC Antibody Facility - GK1.5 Rt 100

CD8-Pacific Blue Ms IGC Antibody Facility - YTS169.4 Rt 100

CD45-APC Ms BioLegend 103112 30-F11 Rt 100

CD49b/DX5-PE Ms BioLegend 103506 HMα2 Ah 1600
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Chapter 3 – Influenza A virus neuraminidase cleaves sialic 

acid from the complement decay-accelerating factor and activates 

complement 
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3.2 Summary 

 

Sialic acid is a terminal sugar modification with essential roles in 

the regulation of biological functions, including the immune system. 

Unsurprisingly, challenges with pathogens that impose alterations in 

sialic acid levels are capable of modulating the immune response. 

Influenza A virus (IAV) neuraminidase (NA), essential for viral 

egress, is an unspecific sialidase, able to remove sialic acid residues 

from heterologous proteins. In the previous chapter, we observed that 

the interaction between NA and complement decay-accelerating factor 

(CD55/DAF) is involved in IAV immunopathology, through alterations of 

innate immune cell recruitment. 

Remarkably, DAF, which protects healthy cells from non-specific 

complement attack, is a heavily sialylated protein. Thus, we addressed 

if NA could cleave DAF sialic acid moieties, and what could be the 

biological impact of this interaction. We show that viral NA removes DAF 

sialic acid, exacerbating complement activation. We further dissected 

the cleavage mechanism, and propose it may have direct implications 

in zoonotic IAV transmissions. 
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3.3 Introduction 

 

The complement system consists in a cascade of proteolytic 

interactions that lead to the direct killing of the pathogen or infected cell, 

as well as proinflammatory immune cell recruitment (1–3). C3 is found 

within the mucus barrier (4), which supports the role of complement in 

early immune response upon pathogen infection in the airways. Disease 

severity and mortality have been associated with both lack or excess of 

complement activation in several viral infections such as severe acute 

respiratory syndrome coronavirus (SARS-CoV) (5,6), middle eastern 

respiratory syndrome coronavirus (MERS-CoV) (7), severe acute 

respiratory syndrome coronavirus-2 SARS-CoV-2 (8–10), and influenza 

A virus (IAV) (11–13). However, it is still unclear how fine-tuning 

complement activation may impact in the development of disease 

severity. 

Complement decay-accelerating factor (DAF/CD55) is a 

membrane-bound regulator of complement activation (RCA) which 

promotes the decay of C3 convertases, thus protecting healthy cells 

from non-specific complement attack, and inhibiting the release of pro-

inflammatory anaphylatoxins (14–16). Remarkably, DAF is a heavily 

sialylated protein exposed at the surface of most cell types, including 

human and murine airways (17–24). In fact, removal of sialic acid has 

been proposed to induce DAF proteolytic cleavage (18), and to impair 

its function (21). Thus, it makes it an interesting host factor to consider 

upon IAV infection. 

Sialic acid is an abundant terminal monosaccharide modification 

with multiple functional implications, including in the regulation of the 

immune response, (Fig. 3.1-A, B) (25–28). 
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Fig. 3.1 – Sialic acid structure. 

A: Sialic acids are composed of a nine-carbon structure, a carboxylic 

acid at the C1 position, and several α-glycosidic linkages to the underlying 

sugar chain from the C2 position. Numerous substitutions at the remaining 

positions, combined with linkage variability, produce a vast diversity of sialic 

acids in nature. The two most abundant types of sialic acid in mammals are 

N-acetylneuraminic acid (Neu5Ac) and N-glycolylneuraminic acid (Neu5Gc). 

Humans cannot produce Neu5Gc, therefore it presents a host restriction 

factor for IAV. B: Sialic acids are usually a terminal modification, linked to 

galactose residues in N- or O-linked glycans. 

 

Specifically, sialic acid is involved in complement activation (29–

31), self- vs. non self-recognition (32–34) and IgG regulation (35,36). 

Interestingly, desialylation mediated by host or microbial sialidases has 

been reported to activate neutrophils and monocytes, upon infections 

such as Streptococcus pneumoniae, Escherichia coli, Klebsiella 

pneumoniae or SARS-CoV-2 (37–39). Thus, viral-induced alterations in 

sialic acid levels may pose relevant physiological consequences in host 

defense. 

IAV encodes a sialidase, neuraminidase (NA), whose main role is 

to release newly formed virions from the cell surface in the end of the 

viral cycle (40–43). Besides viral egress, described roles for NA include 
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aerosol transmission (44), mucus layer penetration (45–48) and cell 

entry (49–53). Of note, the type of sialic acid linkage is one of the 

described IAV host restriction factors, and therefore viral NAs exhibit 

receptor preference depending on the host species (54–57): while in 

avian-adapted IAV strains, NA has preference for α2,3-, human-adapted 

IAVs cleave α2,6-linked sialic acid moieties, as it is the dominant type of 

receptor in human upper airways (Fig. 3.2-A-C) (54,58–61).  
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Fig. 3.2 – Influenza A virus sialic acid preference. 

A: Hemagglutinin (HA) and Neuraminidase (NA) from avian-adapted 

IAV exhibit preference to bind and cleave, respectively, α2,3-linked sialic 

acid. B: Conversely, human-adapted IAVs bind and cleave α2,6-linked sialic 

acids, the dominant type of linkage in human upper airways. C: 

Consequently, a virus that is well adapted to avian hosts is not adapted to 

infect humans, and vice versa (adapted from (60)). 

 

Nevertheless, NA is a relatively unspecific sialidase which has 

been shown to remove sialic acid from vesicular stomatitis virus (VSV) 

protein VSV-G, within the cell (62). Furthermore, NA have also been 

reported to cleave and activate LAP-TGF-β (63,64), suggesting potential 

new roles for NA in viral-induced pathogenesis. 

In the previous chapter we reported that the interaction between 

DAF and the viral protein NA modulated the recruitment of cells from the 

innate immune system. Here, we investigate the underlying mechanism 

on how NA acts on DAF. We show that DAF acts on DAF in a strain-

specific manner, removing α-2,6-linked sialic acids and propose that this 

may influence virulence upon IAV challenge in a DAF-dependent 

manner. Furthermore, as the recognition of different conformations of 

sialic acid by IAV is a key driver in intra- and interspecies transmission 

(56,57,61), our findings may have implications for IAV adaptation in host 

species jumps during zoonotic infections. 
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3.4 Results 

 

3.4.1 IAV decreases DAF molecular weight in the timecourse of 

infection. 

In the previous chapter we observed that different NAs elicit 

distinctive innate immune responses, and specifically NA-DAF 

interaction is responsible for the recruitment of innate immune cells. NA 

is an widely studied sialidase (43) and, as DAF is a highly sialylated 

protein, we hypothesized that the interaction between DAF and NA 

resided in the ability of NA to cleave DAF’s sialic acid content. Sialic 

acids that reside on cell surface glycoproteins and glycolipids are the 

receptors for IAV, recognized by HA for viral entry and cleaved by NA 

for viral exit (41). In order to assess cleavage of DAF’s sialic acid 

content, we infected a human alveolar cell line (A549) with 

A/California/7/2009 (Cal), A/England/195/2009 (Eng), A/Puerto 

Rico/8/1934 (PR8) or A/X-31 (PR8-HK4,6), and analyzed DAF content 

by western blot. We observed that in infected cells the band marked by 

the anti-DAF antibody was at a lower molecular weight (MW) than in 

mock-infected cells (Fig. 3.3-A). This difference in MW is of nearly 18 

kDa, which corresponds to DAF sialic acid content (20) and suggests 

that infection leads to loss of said content. Quantification of this cleavage 

confirmed that it is dependent on infection and progressive over time. 

Interestingly, the extent of DAF cleavage is not identical in cells infected 

with different IAV strains, PR8 infected cells presenting the most drastic 

effect (Fig. 3.3-B).  

Protein glycosylation type and levels may greatly vary between 

organisms (65). As previous results were obtained using human cell 

lines, we wanted to confirm that infection with the tested strains would 

remove the sialic acid content of murine DAF. For that purpose, we 

collected mouse embryonic fibroblasts (MEF) from WT mice and 

infected them with the laboratory adapted strains PR8 and PR8-HK4,6. 



 141 

Similarly to what was shown in a human cell line infection, murine DAF 

in infected MEFs suffered a drop in MW, when compared to non-infected 

cells (Fig. 3.3-C). Moreover, the differences in cleavage efficacy 

between PR8 and PR8-HK4,6 were maintained (Fig. 3.3-D), showing 

that IAV is able to process murine DAF and giving an insight to what 

may be triggering complement activation in vivo. 
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Fig. 3.3 – Influenza A virus decreases DAF molecular weight 

(MW) in the timecourse of the infection. 

A: Western blot detection of complement decay-accelerating factor 

(DAF) in A549 cells upon infection with A/California/7/2009 (Cal), 

A/England/195/2009 (Eng), A/Puerto Rico/8/1934 (PR8) or A/X-31 (PR8-

HK4,6) at a multiplicity of infection (MOI) of 5. B: The proportion of cleaved 

DAF was measured in each lane as the ratio of low molecular weight (MW) 

to total DAF pixel densitometry. C: Western blot detection of DAF in mouse 

embryonic fibroblasts (MEFs) derived from C57/BL6 WT or Daf-/- mice upon 

infection with PR8 or PR8-HK4,6 at a MOI of 5. D: The proportion of cleaved 

DAF was measured in each lane as the ratio of low MW to total DAF pixel 

densitometry. (B, D: data shown as mean±sd, from three independent 

experiments). Yellow arrows indicate cleaved DAF. MW is indicated in kDa. 

Statistical analysis detailed in materials and methods. 

 

3.4.2 NA removes DAF sialic acid, partially inside the cell. 

To show that NA mediates processing of DAF and discard the 

involvement of other viral proteins, we transfected HEK293T cells with 

eight different plasmids, each encoding a different PR8 genomic 

segment (Fig. 3.4-A). As expected, cleavage only occurred when cells 

were transfected with segment 6, which encodes for NA, showing that 

NA is the only viral protein responsible for the reduction in DAF MW (Fig. 

3.4-B). Furthermore, we excluded any role of the viral genome, in the 

form of viral ribonucleoproteins (vRNPs) in this process. Treatment with 

the antiviral drug nucleozin (66), which clusters vRNPs together and 

thus prevents their trafficking (Fig. 3.S1-A), did not impact DAF MW 

decrease (Fig. 3.S1-B, C). 

To confirm that this drop in MW was indeed the result of direct 

enzymatic activity of NA, we introduced the mutation E229A in PR8 

segment 6, which pronouncedly decreases NA enzymatic activity, while 

still sustaining a low level of viral replication (67). Using the RG 

technique as mentioned previously, we created a PR8 strain containing 
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the mutated NA: PR8 NA-E229A (Fig. 3.4-C). Analysis of DAF in cells 

transfected with the eight RG plasmids required for producing the 

passage 0 virus showed that, by impairing NA sialidase activity, DAF 

cleavage was prevented (Fig. 3.4-D). Taken together, these results 

confirm that DAF cleavage observed upon infection is due solely to NA 

sialidase activity. 

   

 

Fig. 3.4 – Influenza A virus neuraminidase cleaves DAF through 

its sialidase activity. 

A: HEK293T cells were transfected with plasmids encoding the eight 

different A/Puerto Rico/8/1934 (PR8) viral segments. B: Western blot 

detection of DAF after transfection. C: HEK293T cells were transfected with 

eight plasmids encoding the eight different PR8 viral segments, in order to 

produce virions. Segment 6 was either the wild-type NA (WT) or the 

catalytically-impaired mutant NA-E229A (E229A). D: Western blot detection 

of DAF in cells used to produce the virions. Statistical analysis detailed in 

materials and methods. 
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As NA is a transmembrane protein with potential to cleave sialic 

acids at the cell surface, but also inside the cell while en route to the 

plasma membrane, we questioned where DAF cleavage was taking 

place. For that, PR8 infected A549 cells were treated with a non-

permeable NA inhibitor, Zanamivir (Fig. 3.5-A). We observed that 

Zanamivir treatment reduced the proportion of cleaved DAF (0.60 vs. 

0.75), showing that DAF cleavage happens in part at the cell membrane, 

and in part intracellularly (Fig. 3.5-B, C). 
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Fig. 3.5 – Influenza A virus neuraminidase cleaves DAF partially 

inside the cell. 

A: Zanamivir (Zan) is a NA inhibitor, which is not cell permeable. 

Therefore, if DAF cleavage occurs at cell surface it will be prevented by Zan 

treatment. Alternatively, if cleavage occurs inside the cell, it will remain 

unaffected by Zan treatment. B: Western blot detection of DAF in A549 cells 

upon infection with A/Puerto Rico/8/1934 (PR8) at a MOI of 3, treated with 

Zan. D: The proportion of cleaved DAF was measured in each lane as the 

ratio of low MW to total DAF pixel densitometry (data shown as mean±sd, 

from four independent experiments). Yellow arrows indicate cleaved DAF. 

MW is indicated in kDa. Statistical analysis detailed in materials and 

methods. 

 

3.4.3 NA removes DAF α2,6-linked sialic acid and increases 

complement activation. 

For IAV receptor recognition, the binding of sialic acid to the 

penultimate galactose residues of carbohydrate side chains is 

important, and different IAVs exhibit preference for Neu5Ac α(2,3)-Gal 

(hereafter α2,3-) or Neu5Ac α(2,6)-Gal (hereafter α2,6-) conformations 

(32,56). Interestingly, most avian IAVs bind preferentially to sialic acid 

joined to the sugar chain through an α2,3-linkage, whereas human IAV 

preferentially use α2,6-linked sialic acid as a cellular receptor (56,69). 

To assess which type of ligations were cleaved by NA, we infected A549 

cells with PR8 and purified DAF by immunoprecipitation. Subsequently, 

we treated immunoprecipitated DAF with PNGaseF, which specifically 

removes N-glycans (Fig. 3.6-A), and probed DAF by western blot and 

lectin blot with Sambucus nigra agglutinin (SNA) or Maackia amurensis 

lectin (MAL), which detect 2,6- or 2,3-linked sialic acid, (Fig. 3.6-B). 

The cumulative effect in DAF MW decrease of PR8 infection and 

PNGaseF treatment, as well as loss of SNA staining only upon infection, 

indicates that PR8 infection specifically removes 2,6-linked sialic acid 

from DAF O-glycans. 
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Fig. 3.6 – NA removes α2,6-linked sialic acid from DAF O-

glycans. 

A: DAF was purified by immunoprecipitation from cell lysates of A549 

cells infected with A/Puerto Rico/8/1934 (PR8) at 12 hours post-infection 

(h.p.i.), and treated with PNGaseF to remove N-glycans. B:  DAF analysis 

by western blot or lectin blot with Sambucus nigra agglutinin (SNA) and 

Maackia amurensis lectin (MAL), which detect 2,6- or 2,3-linked sialic 

acid, respectively (* indicates IgGs from immunoprecipitation). Yellow arrows 

indicate cleaved DAF. MW is indicated in kDa. Results are representative of 

three independent experiments. Statistical analysis detailed in materials and 

methods. GlcNAc – N-acetylglucosamine; Man – mannose; Gal – galactose: 

Sia – sialic acid; Asn – asparagine; Ser/Thr – serine/threonine. 

 

As DAF sialic acid residues are α2,6-linked, opposed to the higher 

affinity of avian strains for α2,3-linked sialic acids, we tested the ability 

of avian-derived NAs to cleave DAF (Fig. 3.7-A). In accordance with 

that, transfection of HEK293T cells with avian-adapted NAs did not 

impact DAF MW (Fig. 3.7-B). Remarkably, transfection with NAs from a 

H7N9 isolated from a human patient (A/Anhui/1/2013) and from a H5N6 

isolated from a chicken (A/chicken/Jiangxi/02.05 YGYXG023-P/2015) 

caused a drop in DAF MW (Fig. 3.7-B). These two NAs are thus able 

cleave α2,6-linked sialic acid residues, indicating they are already 



 147 

adapted to human sialic acid linkages and indeed both H7N9 (71,72) 

and H5N6 (73,74) strains have been shown to cause severe zoonotic 

disease. These results suggest that the pattern of host cells that are 

cleaved by NA may change during host adaptation in zoonotic events. 

In order to confirm the link between NA-mediated DAF cleavage 

and complement exacerbation upon in vivo infection, we aimed to 

engineer recombinant mutant viruses composed of seven PR8 

segments (segments 1-5, 7 and 8) and expressing segment 6 from 

viruses that do not cleave DAF. Supported by data in Fig. 3.7-B, we 

selected segment 6 from H5N2 and H5N8 avian IAVs to produce 

reverse genetics (RG) 7+1 PR8 reassortant viruses (Fig. 3.S2-A). After 

transfecting HEK293T cells with the eight plasmids to produce the P0 

viruses, we observed that PR8 NA-H5N2 did not cleave DAF, as 

expected (Fig. 3.S2-B). However, PR8 NA-H5N8 viruses acquired the 

capacity to cleave DAF (Fig. 3.S2-B). For this reason, even though we 

amplified both viruses in eggs to avoid additional adaptation to host 

environment, we excluded the PR8 NA-H5N8 from further experiments 

as they cleaved DAF (Fig. 3.S2-C). The rescued PR8 NA-H5N2 in eggs 

(Fig. 3.S2-C), was then tested for its ability to infect and replicate in 

mammalian cells. Infection at low MOI in MDCK cells replicated 

effectively, with H5N2 growing almost to PR8 levels (Fig. 3.S2-D). 

However, when A549 cells were infected at an MOI of 3, PR8 NA-H5N2 

cleaved DAF (Fig. 3.S2-E). These results strongly suggest that IAVs 

containing NAs from avian origin rapidly adapt to cleave DAF α2,6-

linked sialic acid, and could not be used to assess the link between DAF 

cleavage in vitro and pathogenicity upon mouse infection. Hence, to 

assess the effect of DAF sialic acid cleavage in complement activation 

and to overcome these mechanisms of fast adaptation, we have decided 

to perform an entirely in vitro experiment. 
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Fig. 3.7 – NA removes DAF α2,6-linked sialic acid and increases 

complement activation. 

A: Transfection of HEK293T cells with plasmids encoding NAs from 

the indicated avian IAVs: H6N1 A/chicken/Taiwan/67/2013, H9N2 

A/chicken/Pakistan/UDL-01/08, H5N2 A/goose/Taiwan/01031/2015, H5N6 

A/chicken/Jiangxi/02.05 YGYXG023-P/2015, H4N6 

A/chicken/Hunan/S1267/2010, H10N8 A/chicken/Jiangxi/1204/2014, H5N8 

A/scarlet ibis/Germany/Ar44-L01279/2015, H7N9 A/Anhui/1/2013. As DAF 

contains α2,6-linked sialic acid, only NAs adapted to this type of ligation will 

cleave it. B: Western blot detection of DAF after transfection. Yellow arrows 

indicate cleaved DAF. MW is indicated in kDa. Gal – galactose; Sia – sialic 

acid. 

 

NA unprecedented direct and pronounced effect on DAF strongly 

suggests a functional consequence. It has been proposed that DAF 

negatively charged sialic acids function as a spacer, which projects DAF 

RCA domains to the extracellular milieu (21). Additionally, sialic acid 

removal promotes DAF to be proteolytically shed (18). Therefore, we 

hypothesized that NA-mediated sialic acid cleavage would result in DAF 

loss/alteration of function, resulting in increased complement activity. To 

test this in vitro, we produced lentiviral vectors to deliver WT or E229A 

versions of PR8 NA fused to GFP. After transduction of A549 cells, we 

treated cells with normal human serum and stained for C5b-9 as a proxy 

for complement activation (Fig. 3.8-A). Transduction of cells with WT NA 

resulted in increased C5b-9 deposition when compared with cells 

transduced with E229A (1±0.7 vs. 0.3±0.2) (Fig. 3.8-B). Therefore, NA 



 149 

removal of DAF sialic acid content does impair its complement regulator 

function, increasing complement activation. 

DAF is a regulator of complement activation (RCA), which 

prevents unspecific complement activation in healthy cells (3,16,68). 

DAF specifically inhibits the C3 convertases, and thus prevents the 

activation of the remaining pathway (14–16). Results from the previous 

chapter suggested that DAF did not influence cell death, despite 

increased complement activation. After the observation that NA-

mediated DAF cleavage increased C5b-9 deposition, we questioned if it 

would increase cell death. To test this hypothesis, we collected lung 

primary cells from WT or Daf-/- mice, infected them for 12h and treated 

them with serum (Fig. 3.8-C). In mock-infected cells, as expected, DAF 

was required to confer protection from complement-dependent 

cytotoxicity (CDC). Infection with the RG viruses PR8, PR8-HK4,6, PR8-

HK4 or PR8-HK6, which represent different combinations of HA and NA 

did not revert the increased cell death in Daf-/- cells. Taken together, 

these results show that NA cleaves DAF promoting complement 

activation, however it is not reflected in cell death. Alternatively, DAF 

absence results in augmented cell death from CDC. Thus, absence of 

DAF and DAF cleavage should represent independent mechanisms of 

complement exacerbation. We propose that the removal of DAF sialic 

acid content triggers an exaggerated complement-dependent immune 

response that, in the context of the organism, poses more detrimental 

consequences than DAF depletion. This response is likely stimulated by 

the amplified generation of C3a and C5a anaphylatoxins, and not by 

C5b-9 deposition at target cells. 

Our results show that the transfection of a fully catalytic competent 

NA increases C5b-9 deposition on A549 cells to a higher extent than a 

catalytically inactive NA. Despite not being conclusive, this experiment 

allowed us to raise the tempting hypothesis that sialic acid removal of 

DAF leads to increased complement activation in vivo. However, these 
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results need further experimental validation. Overall, we unveiled a 

widespread direct interaction between NA and DAF, with conceivable 

functional implications, which is an unprecedented way of a virus, via 

altering a host protein from within the infected cell, modulating the 

immune response. 

 

 

Fig. 3.8 – DAF protects from complement-dependent toxicity, 

but NA-mediated desialylation increases complement activation. 

A: A549 cells were transduced with WT or catalytically-impaired 

mutant NA-E229A and treated with serum to activate complement. B: Flow 

cytometry detection of C5b-9 deposition, as a proxy for complement 

activation (data shown as mean±sd, from six independent experiments, each 

corresponding to a pool of five independent transductions. Each point 

represents the median fluorescence intensity (MFI) of a sample treated with 

serum minus its corresponding heat-inactivated control.). C: Percentage of 

cell death of murine lung primary cells after infection with the indicated 

viruses and treatment with serum (upper panel) or heat-inactivated serum 

(lower panel). Data shown as mean±sd of triplicates, representative of two 

independent experiments. (note: C is part of the supplementary material of 

Chapter 2 and was repeated here to highlight that increased C5b-9 

deposition did not translate into more dead cells). Statistical analysis detailed 

in materials and methods. 
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3.5 Discussion 

 

Our previous results demonstrated the potential of regulating 

complement activation as a strategy to provide resilience to viral 

infections, without affecting pathogen clearance. Unexpectedly, upon 

IAV infection, lack of DAF leads to reduced activation of complement. 

These results indicate that complement is not the sole recruiter and 

activator of the immune response, and that direct or indirect HA-DAF 

and/or NA-DAF interactions play additional roles in immune cell 

recruitment. 

Previous examples of NA impacting the immune response include 

the activation of the NK cell sialylated receptors NKp44 and NKp46 by 

HA at the surface of infected cells, which is countered by NA-mediated 

desialylation (75,76). In the case of our work, it is known that apical 

delivery of NA to the cell surface is potentiated by HA (77) and during 

this transport (and also at the plasma membrane), NA would cleave DAF 

sialic acid giving rise to increased activation of complement. Indeed, we 

observed that IAV infection induces a drop in DAF MW over the course 

of infection both in human and murine cell lines (Fig. 3.3-A-D). 

Furthermore, this drop corresponds to described DAF sialic acid 

content, and NA is necessary and sufficient for this cleavage (Fig. 3.4-

A-D). 

Importantly, transduction of cells with NA and thus removal of DAF 

sialic acid content resulted in an increased C5b-9 deposition (Fig. 3.8-

A, B). We propose that the removal of DAF sialic acid content would not 

lead to a loss of function, but instead trigger an exaggerated 

complement response. This is contrary to what is observed for 

autoimmune diseases, for which Daf-/- mice have been widely used (78–

80). These mice have increased disease severity coupled with higher 

complement activation levels when compared to their WT counterparts, 

showing that Daf-/- mice do not lack the ability to activate the 
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complement and that the mechanism we now describe could be shared 

among viruses containing promiscuous NAs. As an alternative, NA-

mediated DAF cleavage could result in the recruitment of innate immune 

cells by exposing “non-self” glycans at cell surface, which has been 

shown to activate complement via the lectin pathway (25). Besides 

complement, it could also be recognized by different PRRs (81). We 

propose that the removal of DAF sialic content would not lead to a loss 

of function, but instead trigger an exaggerated complement response. 

Thus, at the moment this hypothesis is speculative but raises concerns 

about using therapies, such as DAS181 (82), aiming at decreasing sialic 

acid levels at cell surface to prevent viral entry. Interestingly, our work 

indicates that NA cleavage of sialic acids does not happen solely at the 

cell surface, but also intracellularly, as treatment with Zanamivir did not 

completely abolish DAF cleavage (Fig. 3.5-A-C). To the best of our 

knowledge, this mechanism has not been reported before.  

DAF cleavage provides a possible link between DAF-NA 

interaction and in vivo pathology that we provide in the model of Fig. 3.9. 

Given that our study shows that sialic acids cleaved by DAF are α2,6-

linked to O-glycans (Fig. 3.6-A, B), this mechanism may have 

implications in host species jumps, as for example, IAV adapted to birds 

exhibit preference for α2,3-linked sialic acids.  Interestingly, we present 

evidence that NAs derived from two avian-adapted strains, H5N6 and 

H7N9, were able to cleave human DAF (Fig. 3.7-A, B). As H7N9 and 

H5N6 outbreaks provoked severe infections in humans, associated with 

exacerbated immune response (71–73), hypothetically establishing 

DAF cleavage as a hallmark of virulence could be a useful tool to 

monitor viruses with pandemic potential. 

In addition, many host proteins, including mucins, are decorated 

by sialic acids. Mucins form an important barrier at the cell surface 

preventing viral entry (83). These proteins are also heavily glycosylated, 

specifically at the terminal part of O-glycans (84), similarly to DAF, 
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indicating that they could be substrates of NA. As a consequence, the 

mechanism we describe could be used to manipulate the extracellular 

environment and facilitate viral cell-to-cell transmission. Identification of 

glycans exposed at the surface of infected cells and their interaction with 

viral proteins may help to understand the balance between viral entry 

and immune response targets and reveal disease resilience pathways 

prone to therapeutic intervention. The link we identified via NA, DAF and 

complement establishes a viral mediated mechanism for maintaining 

inflammation via increasing the recruitment of immune cells (Fig. 3.9).  
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Fig. 3.9 – Proposed model for DAF-mediated immunopathology. 

At steady state, DAF accelerates the decay of C3 convertases, 

inhibiting the formation of C3a and C3b and subsequent complement 

activation. Upon IAV infection, the cell will produce viral proteins, and in 

particular NA. NA is a potent sialidase that will remove the sialic acid content 

of DAF both in side the cell and at the surface. This processing of DAF by 

NA leads to DAF loss/alteration of function and hence overactivation of the 

complement pathway that will recruit innate immune cells. The excess of 

innate immune response leads to tissue damage and ultimately 

immunopathology, worsening disease outcome. 

 

Taken together, results from this and the previous chapter 

revealed a novel host factor involved in pathology. Remarkably, DAF 

interaction with the viral proteins HA and NA controlled the viral-induced 

pathogenesis, either promoting immunopathology or disease tolerance 

(Fig. 3.10). In the next chapter, we will address the contribution of a viral 

protein, HA, to pathology, through a different mechanism that promotes 

disease resistance. 
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Fig. 3.10 – Summary of Chapters 2 and 3 contribution to viral 

pathogenesis. 

The host protein DAF, via an interplay with viral HA and NA, promotes 

immunopathology, and thus a worse disease outcome. Modulation of this 

pathways could lead instead to disease tolerance, by controlling the immune 

response without altering the viral loads. In the next chapter, we will address 

the role of a viral factor in modulating viral pathogenesis through an 

independent mechanism. 
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3.6 Materials and methods 

 

3.6.1 Statistical analyses 

All statistical analyses were conducted using GraphPad Prism 6 

(GraphPad, version 6.01). Detailed statistics and number of replicates 

for all experiments can be found in the figure legends and/or in the main 

text. DAF cleavage: Statistical significance represented as *p < 0.05, **p 

< 0.01, ***p < 0.001, using two-way ANOVA followed by Holm-Sidak 

multiple comparisons test. C5b-9 deposition: Population normality was 

not proved using D’Agostino & Pearson omnibus normality test. 

Statistical significance tested using Wilcoxon matched-pairs signed rank 

test, as samples were paired. 

 

3.6.2 Ethics statement 

All animals were housed at IGC facilities under specific pathogen 

free conditions and fed ad libitum. Experimental animal procedures were 

previously approved by the IGC Animal Ethics Committee and licensed 

by the Portuguese General Directory of Veterinary (DGAV, Ministry of 

Agriculture, Rural Development and Fishing), with references 

A016/2013 and A013/2019. All animals were housed and handled 

according with good animal practice as defined by national authorities 

(DGAV, Law nº1005/92 from 23rd October) and European legislation 

EEC/86/609. C57BL6/J wild-type (WT) mice were provided by the IGC 

animal facility. C57BL6/J Daf-/- (Daf-/-) were previously bred in the IGC 

animal facility from C57BL6/J Daf-/- / Cd59a-/- mice (kindly provided by 

Prof. Wen-Chao Song) crossed with WT mice from the IGC animal 

facility 

 

3.6.3 Cell culture 

Human basal alveolar epithelial cells (A549), Human embryonic 

kidney 293 cells expressing a mutant version of the SV40 large T 



 158 

antigen (HEK293T) and mouse embryo fibroblasts (MEF) were cultured 

in Dulbecco’s modified Eagle’s medium (DMEM, Gibco®, 21969035) 

supplemented with fetal bovine serum (FBS, Gibco®, S181i-500), 10% 

(v/v), 200 mM L-glutamine (Life Technologies, 25030-024), 100 U/ml 

penicillin and 10 μg/ml streptomycin (Biowest, L0022-100) (complete 

DMEM). Cells were kept in T50 flasks at 37ºC, 5% CO2 and sub-cultured 

every 3 to 4 days using trypsin-EDTA (Biowest, X0930-100). 

 

3.6.4 Primary MEF isolation 

MEF cells were isolated from WT and mice as previously 

described (85). Breedings were set up in a timed manner and embryos 

harvested at stages between E13.5 to E15.5. Embryos were carefully 

isolated from the yolk sac; the head, visceral tissues and blood clots 

removed, and the remaining tissue macerated using a scalpel blade. 

Macerated tissue was then transferred to a T75 flask containing 

complete DMEM and incubated at 37ºC, 5% CO2 for 48h. Cells that 

grew from the tissue were harvested with trypsin, expanded to T150 

flasks and, when 100% confluent, frozen in FBS with 10% DMSO and 

kept in liquid nitrogen until needed for experiments. This was performed 

by Zoé E Vaz da Silva. 

 

3.6.5 Primary mouse lung cells isolation 

Primary lung cells were isolated from WT or Daf-/- mice adapted 

from (86). After sacrifice by CO2 inhalation, mice were dissected, 

exposing lungs and trachea. Mice were exsanguinated by cutting the 

inferior vena cava and perfused with 20ml of PBS through the right 

ventricle. A small incision was performed in the upper trachea and a 

catheter (Braun, 4253329) carefully inserted until the base of the lungs. 

First, 1.5ml of sterile collagenase D (Roche, 11088858001) 0.5% (w/v) 

in PBS was pushed slowly into the lung with a 1ml syringe, followed by 

0.5ml agarose (Lonza, 733-0829) 1% (w/v) in PBS. After 2min 
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incubation, lungs were collected in one piece to 2ml of collagenase D 

and incubated for 40min, at room temperature. Subsequently, lungs 

were transferred to a culture dish with 10ml of complete DMEM 

supplemented with 5U DNase I (NZYTech, MB13402) and lung tissue 

dissected and minced with a scalpel blade. Dissociated cells were 

filtered through a 100µm cell strainer, centrifuge at 650g, room 

temperature, for 5min, and resuspended in complete DMEM. Cells were 

counted and plated in a 6 well plate at ~9 x 105 cells/well and incubated 

at 37ºC, 5% CO2 for 48h. 

 

3.6.6 Influenza A virus strains 

Reverse-genetics (RG) derived A/Puerto Rico/8/34 (PR8, H1N1) 

(kindly provided by Prof. Ron Fouchier) and A/X-31, a recombinant virus 

containing segments 4 and 6 from A/Hong Kong/01/1968 (HK68) and 

the remaining from A/Puerto Rico/8/34 (87) (PR8-HK4,6, H3N2) (kindly 

provided by Prof. Paul Digard) were used as model viruses. RG derived 

PR8 viruses containing segment 4 (PR8-HK4) or segment 6 from HK68 

(PR8-HK6) were described in Chapter 2 and were used to assess the 

role of HA or NA proteins. RG derived PR8 NA-E229A was used as a 

control of impaired NA activity. 

Viruses were grown in eggs as following: embryonated chicken 

eggs were incubated at 37ºC for 10 days. After that, the egg shell was 

lightly sanded with a rotary tool and a hole was pierced with a sterile 

27G needle on top of the egg and on the opposite side of the embryo. 

Through that hole, 100 PFU of virus diluted in 200μl PBS were injected 

into the allantoic fluid of the egg. Infected eggs were incubated at 37ºC 

for 2-3 days, and then at -20ºC for 2h. Viruses were collected by opening 

the eggs and carefully retrieving the allantoic fluid. After centrifugation 

at 3500g, 5min, 4ºC to remove debris, the virus solution was aliquoted 

and kept at -80ºC. 
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3.6.7 Reverse genetics 

Reverse genetics virus production was conducted as previously 

described (88–90). pDual plasmids were a kind gift from Prof. Ron 

Fouchier, (Erasmus MC, Netherlands). Briefly, HEK293T cells were 

transfected as indicated below in 6-well plates with 250ng of each of the 

eight pDual plasmids each encoding the corresponding viral segments 

of PR8 or the indicated IAVs. After 16h of incubation, culture medium 

was removed and added DMEM supplemented with 100 U/ml penicillin, 

10 μg/ml streptomycin and 200mM L-Glutamine (serum-free DMEM) 

containing 1μg/ml Trypsin-TPCK (Worthington, LS003750) and 0.14% 

(w/v) bovine serum albumin (BSA; PAA, K45-00). After further 

incubation for 48h at 37ºC, 5% CO2, cells were scraped to the medium 

and collected. After centrifugation at 800g, 5min, 4ºC, cells were 

collected and analyzed by western blot while supernatants were titrated 

and amplified in embryonated chicken eggs. 

 

3.6.8 Infections 

Cells were seeded in culture plates at appropriate density and 

incubated overnight. Virus inoculum was added in serum-free DMEM at 

the MOI of 3 and incubated for 45min. Afterwards, cells were overlaid 

with complete DMEM and incubated at 37ºC, 5% CO2 for the indicated 

time. The drug nucleozin (66) was dissolved in DMSO and used at final 

concentration of 2μM. Zanamivir (Sigma, SML0492) was dissolved in 

H2O and used at final concentration of 100mM.  

 

3.6.9 Bacteria and cloning 

All transformations for cloning or plasmid amplification were 

performed in Escherichia coli XL10 Gold (Agilent, 200314) according to 

manufacturer’s instructions. Viral RNA (vRNA) was extracted from egg-

grown viral stocks using QIAamp Viral RNA Mini Kit (Qiagen, 50952904) 

according to manufacturer’s instructions. From purified vRNA, NA cDNA 
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was produced using NZY M-MulV First-Strand cDNA Synthesis Kit 

(NZYTech, MB17302) with primer “NA_Fw_HindIII” following 

manufacturer’s recommendations. To produce pEGFP-N1::NA, NA was 

then amplified and cloned in HindIII-KpnI restriction sites of pEGFP-N1. 

To generate pLEX-MCS-1::NA-GFP, NA-GFP was amplified from 

pEGFP-N1::NA and cloned into NotI/XhoI sites of pLEX-MCS-1. 

pDual::seg6-E229A and pEGFP-N1::NA-E229A were generated by site 

directed mutagenesis of pDual::seg6 and pEGFP-N1::NA respectively, 

using the QuikChange Site-Directed Mutagenesis Kit (Agilent, 200518), 

according to manufacturer’s instructions. Primer sequences are 

indicated in Table S1. 

 

3.6.10 Transfections 

Transfection of HEK293T cells was performed using 

Lipofectamine 2000 (ThermoFisher, 11668027) according to 

manufacturer’s recommendations. Plasmids encoding NA genes from 

following strains were kindly provided by Dr. Holly Shelton (The Pirbright 

Institute, UK) and were synthesized by GeneArt (Invitrogen) and cloned 

into a pHW2000 vector (88): H6N1 A/chicken/Taiwan/67/2013 

(GenBank accession no. KJ162862), H9N2 A/chicken/Pakistan/UDL-

01/08 (91), H5N2 A/goose/Taiwan/01031/2015 (92), H5N6 

A/chicken/Jiangxi/02.05 YGYXG023-P/2015 (92), H4N6 

A/chicken/Hunan/S1267/2010 (GenBank accession no. KU160821), 

H10N8 A/chicken/Jiangxi/1204/2014 (GenBank accession no. 

KP285359), H5N8 A/scarlet ibis/Germany/Ar44-L01279/2015 (92), 

H7N9 A/Anhui/1/2013 (93). 

 

3.6.11 Lentivirus production 

Lentiviral vectors were produced in HEK293T cells transfected 

with the following plasmids (ThermoFisher, OHS4735): 6µg pLEX-MCS-

1::NA-GFP WT/E229A, 4.2µg psPAX2, 1.8µg pMD2.G. 72h hours after 
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transfection, medium containing lentivirus was collected and stored at -

80ºC. 

 

3.6.12 C5b-9 deposition 

C5b-9 deposition measurement was adapted from (94). A549 cells 

were seeded in 24-well plates. 24h later, lentiviral vectors encoding 

either WT or E229A NA-GFP were added in complete DMEM 

supplemented with 8µg/ml of polybrene (Sigma-Aldrich, H9268). After 

36h, cells were washed with PBS and then detached by incubation with 

5mM EDTA (Sigma-Aldrich, 03690) in PBS for 10min, 37ºC. For each 

condition, 5 individually transduced wells were pooled and centrifuged 

at 666g, 5min, 4ºC. Cells were then resuspended in veronal buffer 

(CompTech, B100) and added to a 96-well V-bottom plate (Thermo 

Scientific Nunc, 10580382), adjusted to 106 cells per well in 100µl. Non-

transduced cells were used as unstained control. Normal human serum 

(Sigma-Aldrich, H4522) or heat-inactivated serum (56ºC, 30min) were 

added at a final concentration of 50%. Cells were incubated with serum 

for 15min at 37ºC. Afterwards, cells were centrifuged and washed with 

200µl PBS. Primary staining was made with a mouse α-C5b-9 (Abcam, 

ab55811, clone aE11) diluted 1:100 in PBS. As a single-stained control, 

mouse α-DAF (Merck-Millipore, CBL511, clone BRIC 216) was used 

diluted 1:100 in PBS. Cells were incubated for 20min, 4ºC in the dark 

and then centrifuged and washed as above. Secondary staining was 

performed with donkey α-Mouse-Alexa Fluor 647 (Invitrogen, A31571) 

diluted 1:1000 in PBS for 20min, 4ºC in the dark. Cells were centrifuged 

and washed as above and fixed with IC fixation buffer (Life 

Technologies, 00-8222-49) according to manufacturer’s instructions. 

 

3.6.13 Complement-dependent cytotoxicity (CDC) 

Primary lung cells isolated from WT or Daf-/- mice were infected 

with PR8, PR8-HK4,6, PR8-HK4 or PR8-HK6. At 12h.p.i., supernatant 
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was removed and cells were washed with PBS and then detached by 

incubation with 5mM EDTA (Sigma-Aldrich, 03690) in PBS for 10min, 

37ºC. Cells were then centrifuged at 666g, 4ºC for 5min, resuspended 

in veronal buffer (CompTech, B100) and added to a 96-well V-bottom 

plate (Thermo Scientific Nunc, 10580382), adjusted to 106 cells per well 

in 100µl. Serum obtained from WT mice or heat-inactivated serum 

(56ºC, 30min) were added at a final concentration of 50%. Cells were 

incubated with serum for 1h at 37ºC. Afterwards, cells were centrifuged 

and washed with 200µl PBS and stained with live-dead Zombie Aqua 

Fixable Viability Kit (BioLegend, 423101) according to manufacturer’s 

instructions. Cells were centrifuged and washed as above and fixed with 

IC fixation buffer (Life Technologies, 00-8222-49) following 

manufacturer’s instructions. Cells were then analyzed by flow cytometry. 

 

3.6.14 DAF glycosylation 

A549 cells were infected with PR8 as described above. After 12h 

of infection, cells were lysed with lysis buffer 17 (R&D Systems, 895943) 

and protein quantified using bicinchoninic acid protein assay (BCA) 

(Pierce™, 23225). Protein G Sepharose 4 Fast flow beads (GE 

Healthcare, GE17-0618-01) were incubated with α-DAF (Abcam, 

ab133684) for 5h and then Protein G-DAF complexes were crosslinked 

using bis(sulfosuccinimidyl)suberate (BS3) (Sigma, S5799). Protein 

from total cell extracts (100 µg) were then added to the antibody Protein 

G complex and incubated 16h at 4°C in a rotator mixer. Washing steps 

were performed with PBS and samples used for downstream analysis. 

After DAF immunoprecipitation, removal of N-glycans was performed by 

digestion with PNGaseF (New England Biolabs, P0704S), according to 

manufacturer’s instructions. For blotting experiments gels were 

transferred onto nitrocellulose and unspecific binding blocked using 5% 

BSA and 2% polyvinylpyrrolidone (PVP) for blot detection with α-DAF or 

biotinylated Sambucus nigra agglutinin (SNA) (Vector Laboratories B-
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1305-2), respectively. DAF was detected with HRP-conjugated goat 

anti-rabbit (Jackson ImmunoResearch, 111-035-144) and SNA with 

Vectastain Avidin/Biotin Complex (Vector Laboratories, PK-4000) 

incubation. Detection was performed by enhanced chemiluminescence 

(ECL) (GE Healthcare, RPN2232) and film sheet exposure. After cell 

infection and collection, this was performed by Catarina Gomes. 

3.6.15 Western blotting 

Samples were collected in Laemmli’s sample buffer (20% (v/v) 

glycerol (Sigma-Aldrich, 1.04093) / 2% (v/v) SDS (NZYtech, MB01501) 

/ 100μM DTT (NZYtech, MB03101) / 24μM Tris-HCl (VWR, 28.811.295) 

pH 6.8 / 0.04% (w/v) Xylene Cyanol FF (Sigma-Aldrich, X4126) / 0.04% 

(w/v) Bromophenol Blue (Sigma-Aldrich, B0126)) and denatured by 

heating at 95°C for 10min. Exceptionally, when indicated samples were 

collected in non-reducing Laemmli’s sample buffer, without DTT. Protein 

samples were loaded into a resolving gel containing 9% (v/v) acrylamide 

(GRiSP, GB16.3037) with a 4.3% (v/v) acrylamide stacking gel and ran 

in PAGE buffer (0.25M Tris / 0.192M Glycine (PanReac AppliChem, 

A1067) / 1% (v/v) SDS) at 150V in a Mini-PROTEAN Tetra Vertical 

Electrophoresis Cell (BioRad). Proteins were transferred to a 0.45μm 

nitrocellulose blotting membrane (GE Healthcare, 10600003) using a 

Trans-Blot SD Semi-Dry Electrophoretic Transfer Cell (Bio-Rad, 

1703940). Membranes were blocked overnight at 4ºC in 5% (w/v) dried 

non-fat milk (Nestlé, Molico) in PBS-T (0.1% (v/v) Tween-20 (Sigma-

Aldrich, P1379) in PBS), followed by washing with PBS-T. 

Subsequently, membranes were stained with primary antibodies for 1h 

at room temperature, with rocking. After incubation, membranes were 

washed with PBS-T, and incubated with secondary antibodies for 45 min 

at room temperature, with rocking. Membranes were then washed again 

with PBS-T and PBS and visualized on a LI-COR Biosciences Odyssey 

near-infrared platform (LI-COR, 9120). Red and green channels were 
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split and converted to gray scale using ImageJ (NIH, version 1.51h). 

Corrections were made to improve visualization by adjusting brightness 

and contrast of the entire image. All antibodies were diluted in PBS-T 

and are indicated in Table S2. 

 

3.6.16 Immunofluorescence 

Cells were seeded at appropriate densities on coverslips and 

incubated overnight prior to infection. After infection, at the indicated 

time points supernatant was removed and cells fixed with 4% (v/v) PFA 

in PBS. Cells were washed three times with 1% (v/v) newborn calf serum 

(NCS) in PBS and then permeabilized by incubation with 0.2% (v/v) 

Triton X-100 (Sigma-Aldrich, X-100) in PBS for 7min, at room 

temperature. After three more washes, cells were incubated with rabbit 

polyclonal α-NP (kind gift from Prof. Paul Digard, Roslin Institute, UK) 

diluted 1:1000 in 1% (v/v) NCS in PBS for 1h at room temperature. After 

three washes, cells were incubated with incubated with donkey α-rabbit 

conjugated to Alexa Fluor 488nm (Life Technologies, A21206) and 

Hoechst (Sigma, H6024), both diluted 1:1000 in 1% (v/v) NCS in PBS 

for 45 min at room temperature. After three washes with PBS, slides 

were mounted with Faramount Mounting Medium (Dako, S302580-2). 

Single optical sections were imaged with a Leica SP5 live confocal 

microscope, using a 63x 1.3NA oil immersion objective, the 488nm laser 

line, and spectral detection adjusted for the emission of the Alexa 488 

fluorochromes, using HyD detectors in Standard Mode/Photon Counting 

Mode. Primary antibodies. Image channels were split using ImageJ 

(NIH, version 1.51h). 
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3.9 Supplementary material 

 

 

Fig. 3.S1 – vRNPs are not involved in DAF cleavage. 

A549 cells were infected with A/Puerto Rico/8/34 (PR8) at a multiplicity 

of infection (MOI) of 3. At 6 hours post-infection (h.p.i.), 2M of nucleozin 

(NCZ) were added to prevent viral ribonucleoprotein (vRNP) trafficking. A: 

Viral nucleoprotein (NP) detection at 10 h.p.i.. NP (green), merged with 

Hoechst (blue). Scale bars, 10m. B: Western blot detection of DAF. Yellow 

arrows indicate cleaved DAF. MW is indicated in kDa. D: The proportion of 

cleaved DAF was measured in each lane as the ratio of low MW to total DAF 

pixel densitometry (data shown as mean±sd, from two independent 

experiments). 
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Fig. 3.S2 – Influenza A viruses with avian NA promptly adapt to 

cleave DAF. 

A: As showed in Fig. 3.7-B, HEK293T cells were transfected with eight 

different avian derived NAs. B: To produce reverse genetics (RG) 

reassortant A/Puerto Rico/8/34 (PR8) viruses, HEK293T cells were 

transfected with seven plasmids encoding segments 1-5, 7 and 8 from PR8, 

and the segment 6, which encodes NA, from the indicated viruses. C: After 

one round of amplification in embryonated chicken eggs, recovered viruses 

were titrated. D: MDCK cells were infected with PR8 NA-H5N2 at a 

multiplicity of infection (MOI) of 0.005 and samples collected at the indicated 

timepoints and released virions titrated. E: A549 cells were infected with PR8 

NA-H5N2 at an MOI of 3 and samples collected at the indicated timepoints 

to analyze by western blot.  

 

Table 3.S1 – Primers used in cloning and site-directed mutagenesis. 

 

 

Primer Sequence For Insert Vector RE

NA E229A_fw GAGGACACAAGAGTCTGCATGTGCCTGTGTAAATG SDM NA - -

NA E229A_rv CATTTACACAGGCACATGCAGACTCTTGTGTCCTC SDM NA - -

NA_Fw_HindIII GCGCAAGCTTATGAATCCAAACCAAAAGAT Cloning NA to pEGFP-N1 HindIII

NA_Rv_KpnI_pEGFP-N1 GCGCGGTACCGTCTTGTCAATGGTAAATGGC Cloning NA to pEGFP-N1 KpnI

PR8_NA_NotI_fw GCGCGCGCGGCCGCATGAATCCAAATCAGAAA Cloning NA from pEGFP-N1 to pLEX NotI

GFP_XhoI_rv TCAGCTCGAGTTACTTGTACAGCTCGTCCATGC Cloning GFP from pEGFP-N1 to pLEX XhoI
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Table 3.S2 – Antibodies used in western blot. 

  Target Brand Catalog Clone Host Diluted 1: 

WB - Primary antibodies 

DAF Ms R&D Systems AF5376 Poly Sh 200 

DAF Hu Abcam ab133684 EPR6689 Rb 2000 

GAPDH Hu/Ms Sicgen AB0049 Poly Gt 2000 

β-actin Hu Sigma-Aldrich A5441 AC-15 Ms 2000 

GFP - Sicgen AB0020 Poly Gt 2000 

M1 IAV Abcam ab20910 Poly Gt 500 

NA IAV R&D Systems AF4858 Poly Sh 500 

NP IAV Homemade* - Poly Rb 2000 

NS1 IAV Homemade* - Poly Rb 500 

PA IAV Homemade* - Poly Rb 1000 

PB1 IAV Homemade* - Poly Rb 500 

PB2 IAV Homemade* - Poly Rb 200 

WB - Secondary antibodies 

Goat IRDye 680RD  Gt LI-COR Biosciences 926-68074 - Dk 10.000 

Goat IRDye 800CW Gt LI-COR Biosciences 926-32214 - Dk 10.000 

Mouse IRDye 680RD  Ms LI-COR Biosciences 926-68072 - Dk 10.000 

Mouse IRDye 800CW  Ms LI-COR Biosciences 926-32212 - Dk 10.000 

Rabbit IRDye 800CW  Rb LI-COR Biosciences 926-32213 - Dk 10.000 

Rabbit IRDye 680RD  Rb LI-COR Biosciences 926-68073 - Dk 10.000 

Sheep Dylight™ 800 Sh Rockland 613-445-002 - Rb 10.000 
*hybridomas and homemade antibodies were provided by Dr. Jonathan Yewdell and Prof. Paul 
Digard, respectively 
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Chapter 4 – Mutation S110L of H1N1 influenza A virus 

hemagglutinin: a potent determinant of attenuation 
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4.2 Summary 

 

In 2009, a new pandemic influenza A virus (IAV) emerged. While 

the majority of infected people only displayed mild symptoms, numerous 

individuals suffered severe infection, which suggested the existence of 

viral strains with increased virulence. 

Characterization of a virus isolated from a fatal infection (F-IAV) 

revealed three mutations when compared to a virus isolated from a mild 

patient (PB2 A221T, PA D529N and HA S110L), which could potentially 

determine the higher virulence of this strain. Previous work showed that 

both polymerase mutations inserted in A/California/04/09 (CAL) 

backbone increased pathogenicity, but the contribution of the HA 

mutation remained to be elucidated. 

Here, we have evaluated the contribution of HA S110L to F-IAV 

pathogenicity, through introduction of this point mutation in CAL virus 

(HA mut). When compared with the WT protein, HA S110L protein had 

similar pH stability, comparable mobility, and entry properties. However, 

characterization of the lungs of HA mut infected animals showed 

reduced lung damage. Accordingly, lower virus replication, decreased 

presence in bronchioli and parenchyma, and diminished numbers of 

infected leukocytes and epithelial cells were found in the lungs of HA 

mut-infected animals. Our results indicate that HA S110L mutation 

constitutes a determinant of attenuation, and suggest that its interaction 

with components of the respiratory tract, such as mucus and lectins, 

may prevent the infection of the target cells, thus compromising the 

infection outcome. As a consequence, viruses containing HA S110L 

alone or in combination with polymerase mutations were considerably 

attenuated in infected mice, elucidating the potential of HA in modulating 

pathology. 
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4.3 Introduction 

 

In the previous chapters, we focused on the contribution of a host 

factor to viral-induced disease regulated by the viral proteins HA and 

NA, in a mechanism that prevented immunopathology, but did not alter 

viral loads. In this chapter, we explore an alternative mechanism, based 

on the impact of a mutation in a viral protein that limits viral pathogenesis 

by reducing viral burden in the lungs. 

Influenza A virus (IAV) recurrently provokes pandemic outbreaks, 

associated with zoonotic events, which lead to significant higher 

mortality than seasonal epidemics (1). The 1918 Spanish influenza, for 

example, caused up to 50 million deaths, making it the deadliest viral 

outbreak ever recorded (2,3). Severe infections may result in 

hemorrhagic bronchitis, pneumonia (primary viral or secondary 

bacterial), and death (4–7). Remarkably, complications usually derive 

from an exacerbated immune response leading to tissue damage (8,9). 

In 2009, a novel reassortant H1N1 influenza A virus, composed of 

segments from avian, human, and swine origin, was responsible for the 

first pandemic of the twenty-first century (10–12). Despite resulting 

mainly in mild infections, there was a considerable number of 

occurrences of severe disease amongst previously healthy patients, 

which suggested the possibility of co-circulation of strains with higher 

virulence (13). Indeed, in vitro and in vivo characterization of a viral 

isolate derived from a fatal infection (F-IAV) confirmed this proposition, 

as it exhibited superior pathogenicity when compared to an isolate from 

a patient who suffered mild infection (M-IAV) (13). Remarkably, the F-

IAV presented three amino acids alterations, which could be 

accountable for its higher virulence (13). Two of the mutations were 

mapped to the viral polymerase subunits PB2 (PB2 A221T) and PA (PA 

D529N), and one to the hemagglutinin (HA) protein (S110L, considering 

HA1 sequence without the signal peptide) (13). Interestingly, the 
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mutation S110L corresponds to a region in the globular head of HA that 

has not been previously linked to any functional implications (Fig. 4.1-

A) (14). 

To analyze the contribution of each mutation to the F-IAV 

phenotype, these were individually introduced in the backbone of the 

A/California/04/09 (CAL) using reverse genetics (15). Subsequently, a 

comprehensive characterization addressing the influence of polymerase 

mutations on the augmented virulence of the F-IAV virus revealed that 

PA D529N had the most pronounced impact in its higher pathogenicity, 

by decreasing the extent of defective viral genomes (16). However, the 

role of the mutation HA S110L remained to be elucidated. 

As introduced in the previous chapters, HA has a critical role in 

IAV replication in the host. Not only the receptor binding specificity of 

the HA is one of the key factors in viral host tropism, virulence and 

transmission (17,18), but also HA is the most immunogenic viral protein 

(19,20). For viral entry, HA attaches to sialic acids residues conjugated 

to galactose on glycoproteins exposed at host cell surface (18). 

However, HA is synthesized as a precursor that forms non-covalent 

associated homotrimers (HA0) upon removal of the signal peptide (18). 

Activation of HA fusion ability, and therefore viral infectivity, requires 

proteolytic cleavage of each HA0 monomer in the disulfide-linked 

subunits, originating HA1 and HA2 (21,22). After being internalized, IAV 

progresses through the endosomal network, where it is subjected to pH 

reduction (23). This endosomal acidification induces conformational 

changes in HA that expose its fusion peptide and trigger the fusion of 

viral and endosomal membranes (24–27). 

Accordingly, mutations in HA would be expected to impact the 

outcome of the disease, by impacting viral entry and/or recognition by 

the host immune system. In fact, A/California/04/09 bearing the HA 

S110L mutation (HA mut) was more efficiently neutralized by 

monoclonal and polyclonal antibodies against the WT virus, suggesting 
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it could be more efficiently recognized by the immune system (Fig. 4.1-

B-C). However, HA S110L did not impact HA glycosylation levels (Fig. 

4.2-C) nor acid stability (Fig. 4.2-D), indicating that this mutation does 

not affect HA function. 

 

 

Fig. 4.1 – HA S110L mutation increases neutralization, but does 

not affect glycosylation and acid stability (14).  

A: Representation of HA S110L mutation in HA structure and impact 

in antibody recognition. B, C: A/California/04/09 WT (CAL wt) or HA S110L 

(HA mut) were preincubated with monoclonal antibody α-HA/Cal/2 (B) or 

polyclonal antibody raised against HA from A/California/07/09 (C) and then 

infection capability was measured in MDCK cells (data shown as mean±sd, 

from two independent experiments using six viral doses; *p < 0.05; **p < 

0.01; ***p < 0.001). D: Western blot detection of HA using α-HA/Cal/2 

monoclonal antibody. (**) denotes HA0, and (*) HA1. E: CAL and HA mut 

viruses were incubated at the indicated pHs for 15 minutes and then 

replication capability was measured in MDCK cells data shown as mean±sd, 

from triplicates). 
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HA is a crucial player in viral tropism due to its receptor binding 

preference. Nevertheless, HA mut retained the ability to enter human 

and murine cell lines, as this virus was affected by chloroquine, which 

inhibits IAV endocytosis, similarly to CAL (Fig. 4.2-A, B). Moreover, the 

ability to efficiently undergo successive cycles of replication in a human 

cell line was preserved (Fig. 4.2-C). 

 

 

Fig. 4.2 – HA S110L mutation does not affect cell entry nor 

replication (adapted from (14)). 

A, B: A/California/04/09 WT (CAL wt) or HA S110L (HA mut) entry in A549 

(A) or NIH3T3 (B) cells. Cells were infected at a multiplicity of infection (MOI) 

of 3 and treated with 75 or 25μM chloroquine, respectively, added at the 

indicated times, for 2 hours. Chloroquine was then removed, and cells 

collected at 8 hours post-infection (h.p.i.). Results are shown as percentage 

of NP in relation to GAPDH accumulation, measured by western blot. C: 

A549 cells were infected at a MOI of 0.001, and released virions were titrated 

at the indicated time points. 

 

Remarkably, HA S110L mutation elicited a significant attenuation 

in vivo, even in combination with the other pathogenic mutations found 

A B

C

wt 
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in the viral polymerase subunits of the F-IAV (Fig. 4.3-A). Additionally, 

when compared to CAL, HA mut replicated to a lower extent in murine 

lungs (Fig. 4.3-B). 

 

 

Fig. 4.3 – HA S110L confers protection from infection in vivo 

(adapted from (14)). 

A: BALB/c mice were infected with 105 PFU of the indicated viruses, 

and survival measured in the course of infection. B: at the indicated time 

points, lungs were collected to measure viral loads. *p < 0.05. 

 

The detailed mechanism of attenuation of HA S110L remained to 

be elucidated. In this work, we have explored the attenuation triggered 

by HA S110L, despite the increased pathogenicity of the F-IAV. We 

observed that HA S110L limits viral presence in bronchioli and 

parenchyma, as well as decreases levels of infection in lung leukocytes 

and epithelial cells. Therefore, we describe a mechanism of pathology 

modulated by viral HA, associated with a decrease in viral loads. 
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4.4 Results 

 

4.4.1 HA S110L induces lower lung histological damage than CAL 

Despite being identified in a fatal case of IAV infection (F-IAV), the 

mutation HA S110L was shown to cause a reduction on virus 

pathogenicity (14). This discrepancy could not be explained by 

differences in protein glycosylation, cell entry or viral replication in vitro 

(14). Therefore, we aimed to explore possible reasons that could explain 

this phenotype in vivo. 

HA S110L virus replicated to lower viral titers in the lungs of 

infected mice when compared with CAL (Fig. 4.3-B). (14). To address if 

decreased viral loads were associated with decreased tissue damage, 

we infected BALB/c mice with a sublethal dose of CAL or HA S110L, 

and collected samples at 1, 2 and 3 days post-infection (d.p.i.) for further 

analyses. We started by assessing the tissue damage in histological 

preparations of lungs of CAL- and HA S110L-infected mice (Fig. 4.4-A, 

B). The overall lung histological score for each virus is depicted in Fig. 

4.4-C, represented as the sum of the different assessed parameters 

(Fig. 4.4-D-G; 4.S1-A-I). 

Accordingly, at 2 d.p.i., which corresponds to the peak of viral 

replication (Fig. 4.3-B) (14), HA S110L virus presented significantly 

lower histological damage (Fig. 4.4-C). Specifically, peribronchial 

infiltration (2 d.p.i.) and bronchial exudates (3 d.p.i.) were decreased in 

the lungs of HA S110L-infected mice (Fig. 4.4-D, E). Additionally, at 2 

d.p.i., edema was observed in CAL-infected mice and absent upon HA 

S110L infection (Fig. 4.4-F). These results indicate that decreased viral 

loads are associated with lower lung tissue damage, and thus support 

the attenuation observed with the HA S110L mutation. 
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Fig. 4.4 – HA S110L mutation decreases lung histological damage 

(adapted from (14)). 

Five BALB/c female mice per condition were infected with 1000 PFU 

of A/California/04/09 WT (CAL) or HA S110L (HA mut). At 1, 2, and 3 days 

post-infection (d.p.i.) lungs were collected. A, B: representative lung 

histological analyses, after hematoxylin and eosin (H&E) staining. Lungs at 

1.25x amplification at 2 d.p.i., where higher differences were detected. Inlets 

are areas 10x amplified where specific damage (or its absence) is observed. 

(  Perivascular/peribronchial infiltrates;  Bronchial exudates). C: Total 

score immunological is expressed as the sum of the scores for each 

parameter detailed in D-G: different inflammation and damage parameters 

were graded on a scale 0–4 (0, absent; 1, very mild; 2, mild; 3, moderate; 

and 4, severe). (plotted as box and whiskers from min to max with the line 

representing the median). Statistical analyses were done using two-way 

ANOVA and are indicated as *p < 0.05; **p < 0.01, ***p < 0.001 where 

significant differences were found. The experiment was performed twice. 

Representative histological images are in Fig. 4.S1. 

 

 



 186 

In vitro results suggested that HA S110L did not impact viral 

replication, however in vivo infection showed otherwise (Fig. 4.2-C; 4.3-

B). Therefore, the difference in viral loads should not be caused by 

limitations in cell entry process per se, instead it suggests distinctive 

interactions with the different cell types within the lung tissue. To 

address this hypothesis, we performed immunohistochemical (IHC) 

analyses to detect the presence of viruses in different airway structures. 

Bronchioli are some of the smallest airways in the respiratory tract, and 

lead directly to the alveolar canals, which contain the alveoli, where gas 

exchange with the blood occurs (28). Lung parenchyma encompasses 

a large number of thin-walled alveoli, which support efficient gas 

exchange (28). Therefore, these structures will be exposed to an inhaled 

pathogen, such as IAV. 

Detection of the viral nucleoprotein (NP) in lung sections of 

infected mice was used to assess viral localization in bronchioli and lung 

parenchyma (Fig. 4.5-A, B; 4.S2-A-I). Overall, the cumulative NP score, 

resulting of the parameters analyzed in Fig. 4.5-D-F, showed a 

significant reduction of HA S110L presence in the lungs of infected 

animals at 2 d.p.i. (Fig. 4.5-C), which is in agreement with the decreased 

viral loads (Fig. 4.3-B). In detail, at 1 and 2 d.p.i., HA S110L-infected 

mice showed a decreased number of infected bronchioli when 

compared with CAL-infected mice (Fig. 4.5-D). Of note, the percentage 

of infection within each bronchioli did not differ between HA S110L- and 

CAL-infected mice (Fig. 4.5-E). In addition, despite the absence of 

significant differences in viral presence in lung parenchyma between HA 

S110L and CAL, significant infected parenchyma was found in CAL-

infected mice when compared with mock-infected animals, but not in HA 

S110L-infected mice (Fig. 4.5-F). Remarkably, the observed differences 

upon HA S110L infection as early as 1 d.p.i. suggest this mutation 

prevents the virus to reach the lungs at higher levels. 
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Fig. 4.5 – HA S110L mutation decreases NP expression in the 

airways (14). 

Five BALB/c female mice per condition were infected with 1000 PFU 

of A/California/04/09 WT (CAL) or HA S110L (HA mut). At 1, 2, and 3 days 

post-infection (d.p.i.), lungs were collected and lung sections were processed 

for NP staining. A, B: representative lung immunohistochemical (IHC) 

analysis. Lungs at 1.25x amplification at 2 d.p.i.. Inlets are areas 5–20x 

amplified where staining (or its absence) is observed. 

Perivascular/peribronchial infected areas; parenchyma areas infected). C: 

NP expression in lungs was scored for all parameters detailed in D-F: NP 

expression in lungs was scored for the number and areas of infected 

bronchioli as follows: 1, 0–25% infected cells; 2, 25–50% infected cells; 3, 

50–75% infected cells; 4, 75–100% infected cells. NP expression was also 

scored as present/absent, infection foci on alveoli were scored 0 when 

absent or 1 if present (plotted as a box and whiskers from min to max with 

the line representing the median). Statistical analyses were done using two-

way ANOVA and are indicated as ∗p < 0.05; ∗∗p < 0.01, ∗∗∗p < 0.001 where 
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significant differences were found. The experiment was performed twice. 

Representative IHC images are in Fig. 4.S2. 

 

4.4.2 HA mut infection affects a lower proportion of lung epithelial 

cells and leukocytes. 

Virus-induced pathology depends on viral and host factors, as well 

as an adequate immune response (9,29). Previous results showed 

increased tissue damage inflicted by CAL infection, when compared 

with HA S110L. As leukocytes are the cells surveilling the lungs for 

pathogen detection to trigger the immune response, we assessed their 

levels, and their infection permission upon challenge with CAL or HA 

S110L. Particularly, we monitored by flow cytometry the infection of lung 

leukocytes, as well as epithelial cells, at 1, 2 and 3 d.p.i.. Lung cell 

suspensions were stained with antibodies to recognize the viral protein 

NP, epithelial cellular adhesion molecule (EpCAM) and the leukocyte 

marker CD45 (Fig. 4.6-A-D). 

In accord with decreased viral loads (Fig. 4.3-B), the proportion of 

total infected cells was significant decreased upon HA mut infection in 

all tested d.p.i. (Fig. 4.6-E). Remarkably, that decrease corresponded to 

a reduced percentage of infected epithelial cells (Fig. 4.6-F), as well as 

leukocytes (Fig. 4.6-G). However, global leukocyte recruitment was not 

altered upon HA S110L infection, when compared with CAL (Fig. 4.6-

H). 

Additionally, analysis of neutrophils and alveolar macrophages 

(AMs) revealed distinct patterns: while HA S110L elicited a trend of 

decreased neutrophil recruitment upon infection, there was apparently 

higher presence of AMs (14). Although not statistically significant, these 

differences agree with the observed increase in infected leukocytes 

upon CAL infection, which are very likely eliminated at 2 and 3 d.p.i.. 

Importantly, lower neutrophil infiltration and increased AM presence, 

partially observed upon HA S110L infection, have been described as 
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important factors for attenuated IAV infections (30,31), which is in 

agreement with the observed role of HA S110L. 

Taken together, these results indicated that the attenuated 

phenotype of the recombinant HA S110L virus results from a lower 

infection of the target cells in the mice airways, despite its unaltered 

ability to efficiently replicate and enter in cultured cells. 

 

 

Fig. 4.6 – Lung cells are differentially infected by CAL and HA mut 

viruses (adapted from (14)). 

Five BALB/c female mice per condition were infected with 1000 PFU of 

A/California/04/09 WT (CAL) or HA S110L (HA mut). At 1, 2, and 3 days 

post-infection (d.p.i.) lungs were collected, and processed for flow cytometry. 

Lungs from the same condition were pooled. Single cell suspensions were 

stained with antibodies against NP, EpCAM and CD45, to detect infected 
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cells, epithelial cells and leukocytes, respectively. A-D: representative flow 

cytometry plots showing gating strategy. E: percentage of infected cells in 

relation to total cells. F: percentage of infected cells in relation to the total 

number of epithelial cells. G: percentage of infected cells in relation to the 

total number of CD45 leukocytes. H: percentage of CD45 leukocytes in 

relation to total cells. The experiment was performed twice. Flow cytometry 

data was acquired with the help of Dr. Vera Martins (IGC, Portugal). 
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4.5 Discussion 

 

Throughout the 2009 IAV pandemic, there were reports of viral 

isolates with exacerbated pathogenicity, such as the one that was 

isolated from a fatal infection case (F-IAV). The isolated virus contained 

three point mutations: PA D529N, PB2 A221T and HA S110L (13). 

Interestingly, individual characterization of these mutations defined PB2 

A221T as a determinant of attenuation, conversely to PA D529N, which 

was an extremely high pathogenicity determinant (16). In this study we 

have addressed the potential contribution of HA S110L mutation to the 

higher pathogenicity of F-IAV virus. Remarkably, we observed that this 

HA mutation is a strong attenuation determinant. 

Viral attenuation deserves substantial attention, as the 

mechanisms governing it may include distinct stages in the viral 

replication cycle, as well as interactions with the host defenses. 

Moreover, the most effective available viral vaccines are based on live 

attenuated viruses (19,32). Particularly, mechanisms of attenuation 

involving the viral protein HA are of unique interest, as it is the principal 

antigen displayed to the host immune system (19,20), and HA has been 

reported as a critical element in IAV virulence (18,33). Thus, using 

engineered viruses to explore attenuation from a genetic level provided 

the identification of a new determinant of attenuation in HA. 

In the beginning of the viral replication cycle, HA is involved in the 

attachment to sialylated receptors, which in turn triggers cell entry 

(18,34). Therefore, HA properties define which cells could be infected, 

depending on receptor binding ability, previous activation through 

cleavage by host proteases and glycosylation (18,22,35). However, the 

mutation HA S110L was not shown to affect these properties (14). 

Subsequently, when the virus is internalized in the endosome it 

undergoes a pH drop, which provokes a conformational change in HA 

protein, exposing its fusion peptide, which then fuses the viral and 
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endosome membranes to release the viral genomic material into the 

cytoplasm (18,36,37). Nevertheless, HA S110L did not alter HA acidic 

stability, indicating this mutation does impact the ability of the virus to 

enter the cell (14). 

IAV low fidelity polymerase promotes amino acid variation, that 

could be selected for immune evasion in a process named antigenic drift 

(34,38). Consequently, this poses a fundamental challenge to long-

lasting immunity and vaccine strategies. HA S110L localizes to the 

exposed globular head of the protein (Fig. 4.1-A), which suggests it 

could alter its structure, and consequently its antigenicity. Interestingly, 

inhibition by monoclonal and polyclonal antibodies against the HA 

protein of A/California/07/09 was increased in the HA S110L virus, 

proposing it could be more efficiently targeted by the immune system in 

vivo (Fig. 4.1-B, C) (14). Hence, improved immune detection may 

explain the attenuation by preventing the HA S110L virus from reaching 

the lungs in higher numbers and/or by limiting initial viral replication. 

Remarkably, mice infection clearly showed that HA S110L confers 

attenuation. Infection with 106 PFU of CAL virus resulted in 100% 

lethality, while all mice survived to the same dose of HA S110L virus 

(14). Furthermore, HA S110L combined with PB2 A221T and PA 

D529N, individually or together, elicited attenuation (14), revealing the 

potential of this mutation in modulating IAV virulence. This observation 

was unexpected, since these three mutations were proposed to be 

responsible for the increased virulence of the F-IAV when compared 

with the M-IAV. However, this could be explained by the differences 

between humans and the mouse model. 

In agreement with the attenuated phenotype of HA S110L, 

histological analysis of infected mice showed decreased lung tissue 

damage and inflammation in the HA S110L- when compared with CAL-

infected mice (Fig. 4.4-C). This reduction in lung damage appears to be 

caused by the a lower capacity of HA S110L virus to reach the bronchioli 
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and lung parenchyma (Fig. 4.5-D-F), and accordingly, it revealed an 

overall reduction on viral replication in the lungs, when compared with 

CAL (14). Lastly, this limited replication of the HA S110L virus in the 

lungs was also reflected in the infection of leukocytes, which was also 

decreased (Fig. 4.6-A-C). Taken together, in vivo data indicated that the 

mutation HA S110L modifies HA protein, probably inducing a 

conformational change, reducing its capability to reach the target cells 

in the murine airways. Therefore, it suggests that the attenuation 

mechanism might be related with viral ability to reach the lungs. 

Host-pathogen co-evolution selects strategies of defense and 

invasion, respectively. When IAV reaches the airways, it encounters the 

mucus barrier, a biophysical barrier composed of mucins, highly 

sialylated proteins that trap the incoming virions by biding to HA (39,40). 

This defense mechanism, in turn, is countered by viral neuraminidase 

(NA), which cleaves sialic acid residues and allows the incoming virions 

to penetrate through the mucus barrier and reach the epithelium (41–

43). As CAL and HA S110L viruses did not evidence disparities in viral 

entry (Fig. 4.2-A, B), it suggests that HA S110L did not alter sialic acid 

preference. Nevertheless, as the CAL and HA S110L viruses contain 

the same NA protein, different HA ability to bind mucins could result in 

different efficiency to reach the epithelial surface. 

Other host factors may impact the success of a virus to penetrate 

the airway epithelium, and thus contribute to the attenuation of HA 

S110L. Building evidence suggests that HA glycosylation, and thus how 

HA is detected by lectins, is important upon IAV infection. Specifically, it 

has been reported that HA glycans are bound by surfactant protein D 

(SP-D) in airway secretions (44–46) and to mannose-binding lectin 

(MBL) present in serum (47). Then, SP-D and MBL neutralize IAV 

through diverse mechanisms, such as hindrance of the HA receptor-

binding site, viral aggregation and modulation of complement-

dependent pathways (48,49). Besides the mucus layer, mucosal 
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epithelium also contains immunoglobulins, such as IgA, able to confer 

innate protection by neutralizing IAV at cell surface (50,51). As HA is a 

viral surface protein and is exposed to numerous components of the 

respiratory tract, it is plausible that subtle alterations in its conformation, 

such as HA S110L, might affect the interaction with these host defense 

mechanisms. Infections of IgA deficient mice, for example, could be 

useful to clarify the role of this immunoglobulin. 

HA has a well-documented role in viral tropism, based on its 

receptor preference, protease sensitivity and glycosylation 

(18,22,33,35,52). HA S110L virus infects and spreads less in the murine 

lungs, which could immediately indicate impaired penetration in the 

respiratory tract. Alternatively, it could also be a downstream 

consequence of attenuation. Remarkably, it has been suggested that 

IAV could infect different cell types, including immune cells, in a strain-

specific manner, with opposing effects in their survival (53–55). These 

differences could then influence the immune response, and thus future 

experiments should address if CAL and HA S110L infect distinctive cell 

populations within the airways. 

Furthermore, HA has also been linked to cell autonomous 

response. Precisely, stress pathways in the ER sense viral proteins and 

trigger innate immunity pathways (56). Additionally, ER stress may 

induce the unfolded protein response (UPR), increasing the presence of 

high-mannose at cell surface, which in turn activates the complement 

pathway and aggravates disease pathology (57). 

Taken together, our data suggest that HA S110L attenuation 

depends on mechanisms related with viral tropism and/or recognition by 

the host innate immune sensors. Then, disparities, even if not 

pronounced, in the number of virions that reach the airways epithelium 

and establish infection may strongly condition the extent of the disease, 

penetration of the virus in the respiratory tract and eventually define its 

ultimate outcome (Fig. 4.7). 
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Fig. 4.7 – Proposed model for HA mut attenuation (adapted from 

MJ Amorim). 

A: Despite invading with the same initial dose, Ha mut is more inactivated 

on its way through the airways by host innate defense mechanisms such as 

lectins, IgA and mucins in the mucus barrier. B, C: Therefore, it reaches the 

bronchioli (B) and alveoli (C) in reduced numbers, replicating to a lower 

extent. This will finally result in less immune cell recruitment, and decreased 

lung tissue damage and inflammation, inducing a less severe pathology than 

CAL. 
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4.6 Materials and methods 

 

4.6.1 Statistical analyses 

All statistical analyses were conducted using GraphPad Prism 6. 

Detailed statistics and number of replicates for all experiments can be 

found in the figure legends and/or in the main text.  

 

4.6.2 Ethics statement 

All animals were housed at IGC facilities under specific pathogen 

free conditions and fed ad libitum. Experimental animal procedures were 

previously approved by the IGC Animal Ethics Committee and licensed 

by the Portuguese General Directory of Veterinary (DGAV, Ministry of 

Agriculture, Rural Development and Fishing), with reference A016/2013. 

All animals were housed and handled according with good animal 

practice as defined by national authorities (DGAV, Law nº1005/92 from 

23rd October) and European legislation EEC/86/609. BALB/c mice were 

provided by the IGC animal facility. 

 

4.6.3 Mice infection 

All experiments with animals were performed at IGC biosafety 

level 2 (BSL-2) animal facility. Under light anesthesia with isoflurane, 6-

9 weeks old female mice were intranasally infected with a solution of 

30µl of PBS containing the indicated viral doses. Mice were sacrificed 

via CO2 inhalation at the indicated timepoints for further analysis. 

 

4.6.4 Histology 

Left lung lobes were collected and fixed in 10% buffered formalin 

for 48h, then embedded in paraffin, divided into longitudinal sections 

(3μm thick) and stained with hematoxylin and eosin. To score lung 

inflammation and damage, lung samples were screened for the 

following parameters: interstitial (alveolar septa) inflammation, alveolar 
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inflammation, perivascular/peribronchial inflammation, bronchial 

exudates, bronchial epithelium hyperplasia, and edema. Each 

parameter was graded on a scale of 0–4 being 0, absent; 1, very mild; 

2, mild; 3, moderate; and 4, severe. The total lung inflammation score 

was expressed as the sum of the scores for each parameter. 

Histological scoring was performed blindly by a pathologist. 

 

4.6.5 Immunohistochemistry 

The previously described formalin-fixed, paraffin-embedded 

tissue specimens were divided into tissue sections (3μm thick) and 

processed for immunohistochemical analysis. After deparaffinization of 

tissue, slides were incubated in sodium citrate buffer, pH 6 at 95º C for 

20 min. Sections were permeabilized with PBS supplemented with 0.1% 

triton X- 100 for 7min, at room temperature and blocked with 2.5% BSA 

and Fc-block (purified rat anti-mouse CD16/CD32, IGC antibody facility, 

clone 2.4G2). Infected cells were discriminated by the presence of the 

viral nucleoprotein (NP) with rabbit α-NP (58) diluted 1:1000 for 16h, at 

4ºC. Endogenous peroxidases were quenched by treating tissue 

sections with 3% H2O2 for 15min, at room temperature. NP positive cells 

were detected with ImmPRESS HRP Anti-Rabbit IgG (Vector, MP-7401-

15), followed by color developing with diaminobenzidine (DAB) 

substrate (Roche, 11718096001), both according to manufacturer’s 

instructions. Sections were counterstained with Mayer Hematoxylin 

before analysis. Tissue sections were observed using a Leica DMLB2 

microscope (Leica) and images were captured using NanoZoomer-SQ 

Digital slide scanner (Hamamatsu). NP expression around bronchioli 

was scored as: 1, 0–25% infected cells; 2, 25–50% infected cells; 3, 50–

75% infected cells; 4, 75–100% infected cells. NP expression was also 

scored as present/absent infection foci on alveoli. Histological scoring 

was performed blindly by a pathologist. 
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4.6.6 Flow cytometry 

Mice lungs were collected to 1ml FC buffer (PBS supplemented 

with 2% FBS and 0.1% NaN3), minced with a scalpel, incubated with 

0.5mg/ml Collagenase D (Roche, 1108885801), 50U/ml DNase I (Zymo 

Research, E1010) in PBS for 1h, 37ºC, passed through a 100µm cell 

strainer (Falcon, 352360), centrifuged at 666g, 5min, 4ºC. The pellet 

was treated with ACK buffer for 4min, at RT. After this incubation, the 

lung cell suspension was centrifuged and then resuspended in FC 

buffer. Cells were counted in each condition and 106 cells transferred to 

a V-bottom 96 well plate (Thermo Scientific, 249570). Unspecific 

staining was minimized with Fc-Blocking (purified rat anti-mouse 

CD16/CD32, IGC antibody facility, clone 2.4G2) for 15 min, at 4ºC. 

Surface staining was performed with α-EpCAM-BV421 (BioLegend, 

clone G8.8) and α-CD45.2-PE (IGC antibody facility, clone 104.2) 

diluted 1:100 for 30min, at 4◦C, in the dark. Cells were fixed with IC 

fixation buffer (Thermo Fisher, 00-8222-49) according to manufacturer’s 

instructions. Fixed cells were washed with permeabilization buffer (0.1% 

triton X-100 in PBS) and intracellular viral nucleoprotein (NP) detected 

with rabbit α-NP (58) diluted 1:100 in the same buffer, for 30min, at 4◦C 

in the dark. Secondary staining was performed with a chicken α-rabbit 

IgG conjugated with Alexa Fluor 647 (Life Technologies, A-21443) 

diluted 1:1000 in permeabilization buffer for 30min, at 4◦C in the dark. 

Cells were acquired in a BD LSRFortessa™ X-20 (BD Biosciences) 

analyzer, equipped with BD FACSDiva™ 8 acquisition software (BD 

Biosciences). Populations were gated using fluorescence minus one 

(FMO) controls and results analyzed using FlowJo 10 (BD Biosciences, 

version v10.6.2). 

 

4.6.7 Influenza A virus strains 

Generation of recombinant HA Mut viruses was performed in (14). 

Specific mutations were engineered in pHH plasmids derived from the 
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A/California/04/2009 (CAL) strain using the QuickChange site-directed 

mutagenesis kit (Stratagene) as recommended by the manufacturer. 

These materials were developed using the licensed technology (Ref. 

Kawaoka-P99264US Recombinant Influenza viruses for vaccines and 

gene therapy). The mutations were rescued into infectious virus by 

standard techniques as described (15). The identity of rescued mutant 

viruses was ascertained by sequencing of DNAs derived from viral 

segments by reverse transcription-PCR amplification. 

  



 200 

4.7 References 

 

1.  Wang D, Zhu W, Yang L, Shu Y. The Epidemiology, Virology, and 
Pathogenicity of Human Infections with Avian Influenza Viruses. Cold Spring Harb 
Perspect Med. 2020 Jan 21;  

2.  Taubenberger JK, Morens DM. 1918 Influenza: the mother of all pandemics. 
Emerg Infect Dis. 2006 Jan;12(1):15–22.  

3.  Taubenberger JK, Morens DM. The 1918 Influenza Pandemic and Its Legacy. 
Cold Spring Harb Perspect Med. 2020 Oct;10(10):a038695.  

4.  Melvin JA, Bomberger JM. Compromised Defenses: Exploitation of Epithelial 
Responses During Viral-Bacterial Co-Infection of the Respiratory Tract. PLoS Pathog. 
2016 Sep;12(9):e1005797.  

5.  Rowe HM, Meliopoulos VA, Iverson A, Bomme P, Schultz-Cherry S, Rosch JW. 
Direct interactions with influenza promote bacterial adherence during respiratory 
infections. Nat Microbiol. 2019 Aug;4(8):1328–36.  

6.  Siegel SJ, Roche AM, Weiser JN. Influenza promotes pneumococcal growth 
during coinfection by providing host sialylated substrates as a nutrient source. Cell Host 
Microbe. 2014 Jul 9;16(1):55–67.  

7.  Talmi-Frank D, Altboum Z, Solomonov I, Udi Y, Jaitin DA, Klepfish M, et al. 
Extracellular Matrix Proteolysis by MT1-MMP Contributes to Influenza-Related Tissue 
Damage and Mortality. Cell Host Microbe. 2016 Oct 12;20(4):458–70.  

8.  Sell S. Immunopathology. Am J Pathol. 1978 Jan;90(1):211–80.  

9.  Medzhitov R, Schneider DS, Soares MP. Disease tolerance as a defense 
strategy. Science. 2012 Feb 24;335(6071):936–41.  

10.  Garten RJ, Davis CT, Russell CA, Shu B, Lindstrom S, Balish A, et al. Antigenic 
and genetic characteristics of swine-origin 2009 A(H1N1) influenza viruses circulating in 
humans. Science. 2009 Jul 10;325(5937):197–201.  

11.  Smith GJD, Vijaykrishna D, Bahl J, Lycett SJ, Worobey M, Pybus OG, et al. 
Origins and evolutionary genomics of the 2009 swine-origin H1N1 influenza A epidemic. 
Nature. 2009 Jun 25;459(7250):1122–5.  

12.  Neumann G, Noda T, Kawaoka Y. Emergence and pandemic potential of 
swine-origin H1N1 influenza virus. Nature. 2009 Jun 18;459(7249):931–9.  

13.  Rodriguez A, Falcon A, Cuevas MT, Pozo F, Guerra S, García-Barreno B, et 
al. Characterization in vitro and in vivo of a pandemic H1N1 influenza virus from a fatal 
case. PloS One. 2013;8(1):e53515.  

14.  Nieto A, Vasilijevic J, Santos NB, Zamarreño N, López P, Amorim MJ, et al. 
Mutation S110L of H1N1 Influenza Virus Hemagglutinin: A Potent Determinant of 
Attenuation in the Mouse Model. Front Immunol. 2019;10:132.  

15.  Hoffmann E, Neumann G, Kawaoka Y, Hobom G, Webster RG. A DNA 
transfection system for generation of influenza A virus from eight plasmids. Proc Natl 
Acad Sci U S A. 2000 May 23;97(11):6108–13.  

16.  Vasilijevic J, Zamarreño N, Oliveros JC, Rodriguez-Frandsen A, Gómez G, 
Rodriguez G, et al. Reduced accumulation of defective viral genomes contributes to 



 201 

severe outcome in influenza virus infected patients. PLoS Pathog. 2017 
Oct;13(10):e1006650.  

17.  Joseph U, Su YCF, Vijaykrishna D, Smith GJD. The ecology and adaptive 
evolution of influenza A interspecies transmission. Influenza Other Respir Viruses. 2017 
Jan;11(1):74–84.  

18.  Gamblin SJ, Vachieri SG, Xiong X, Zhang J, Martin SR, Skehel JJ. 
Hemagglutinin Structure and Activities. Cold Spring Harb Perspect Med. 2020 Jun 8;  

19.  Krammer F. The human antibody response to influenza A virus infection and 
vaccination. Nat Rev Immunol. 2019 Jun;19(6):383–97.  

20.  Topham DJ, DeDiego ML, Nogales A, Sangster MY, Sant A. Immunity to 
Influenza Infection in Humans. Cold Spring Harb Perspect Med. 2019 Dec 30;  

21.  Klenk HD, Rott R, Orlich M, Blödorn J. Activation of influenza A viruses by 
trypsin treatment. Virology. 1975 Dec;68(2):426–39.  

22.  Böttcher E, Matrosovich T, Beyerle M, Klenk H-D, Garten W, Matrosovich M. 
Proteolytic activation of influenza viruses by serine proteases TMPRSS2 and HAT from 
human airway epithelium. J Virol. 2006 Oct;80(19):9896–8.  

23.  Yoshimura A, Ohnishi S. Uncoating of influenza virus in endosomes. J Virol. 
1984 Aug;51(2):497–504.  

24.  Bullough PA, Hughson FM, Skehel JJ, Wiley DC. Structure of influenza 
haemagglutinin at the pH of membrane fusion. Nature. 1994 Sep 1;371(6492):37–43.  

25.  Chen J, Skehel JJ, Wiley DC. A polar octapeptide fused to the N-terminal fusion 
peptide solubilizes the influenza virus HA2 subunit ectodomain. Biochemistry. 1998 Sep 
29;37(39):13643–9.  

26.  Huang RT, Rott R, Klenk HD. Influenza viruses cause hemolysis and fusion of 
cells. Virology. 1981 Apr 15;110(1):243–7.  

27.  Maeda T, Ohnishi S. Activation of influenza virus by acidic media causes 
hemolysis and fusion of erythrocytes. FEBS Lett. 1980 Dec 29;122(2):283–7.  

28.  Guillot L, Nathan N, Tabary O, Thouvenin G, Le Rouzic P, Corvol H, et al. 
Alveolar epithelial cells: master regulators of lung homeostasis. Int J Biochem Cell Biol. 
2013 Nov;45(11):2568–73.  

29.  Iwasaki A, Pillai PS. Innate immunity to influenza virus infection. Nat Rev 
Immunol. 2014 May;14(5):315–28.  

30.  Brandes M, Klauschen F, Kuchen S, Germain RN. A systems analysis 
identifies a feedforward inflammatory circuit leading to lethal influenza infection. Cell. 
2013 Jul 3;154(1):197–212.  

31.  Schneider C, Nobs SP, Heer AK, Kurrer M, Klinke G, van Rooijen N, et al. 
Alveolar macrophages are essential for protection from respiratory failure and 
associated morbidity following influenza virus infection. PLoS Pathog. 2014 
Apr;10(4):e1004053.  

32.  Nogales A, DeDiego ML, Topham DJ, Martínez-Sobrido L. Rearrangement of 
Influenza Virus Spliced Segments for the Development of Live-Attenuated Vaccines. J 
Virol. 2016 Jul 15;90(14):6291–302.  

33.  Goto H, Kawaoka Y. A novel mechanism for the acquisition of virulence by a 



 202 

human influenza A virus. Proc Natl Acad Sci U S A. 1998 Aug 18;95(17):10224–8.  

34.  Hutchinson EC, Yamauchi Y. Understanding Influenza. Methods Mol Biol 
Clifton NJ. 2018;1836:1–21.  

35.  York IA, Stevens J, Alymova IV. Influenza virus N-linked glycosylation and 
innate immunity. Biosci Rep. 2019 Jan 31;39(1).  

36.  Harrison SC. Viral membrane fusion. Virology. 2015 May;479–480:498–507.  

37.  Huotari J, Helenius A. Endosome maturation. EMBO J. 2011 Aug 
31;30(17):3481–500.  

38.  Krammer F, Smith GJD, Fouchier RAM, Peiris M, Kedzierska K, Doherty PC, 
et al. Influenza. Nat Rev Dis Primer. 2018 Jun 28;4(1):3.  

39.  Zanin M, Baviskar P, Webster R, Webby R. The Interaction between 
Respiratory Pathogens and Mucus. Cell Host Microbe. 2016 Feb 10;19(2):159–68.  

40.  Lai SK, Wang Y-Y, Wirtz D, Hanes J. Micro- and macrorheology of mucus. Adv 
Drug Deliv Rev. 2009 Feb 27;61(2):86–100.  

41.  Cohen M, Zhang X-Q, Senaati HP, Chen H-W, Varki NM, Schooley RT, et al. 
Influenza A penetrates host mucus by cleaving sialic acids with neuraminidase. Virol J. 
2013 Nov 22;10:321.  

42.  Vahey MD, Fletcher DA. Influenza A virus surface proteins are organized to 
help penetrate host mucus. eLife. 2019 May 14;8.  

43.  Matrosovich MN, Matrosovich TY, Gray T, Roberts NA, Klenk H-D. 
Neuraminidase is important for the initiation of influenza virus infection in human airway 
epithelium. J Virol. 2004 Nov;78(22):12665–7.  

44.  Hillaire MLB, Haagsman HP, Osterhaus ADME, Rimmelzwaan GF, van Eijk M. 
Pulmonary surfactant protein D in first-line innate defence against influenza A virus 
infections. J Innate Immun. 2013;5(3):197–208.  

45.  Reading PC, Tate MD, Pickett DL, Brooks AG. Glycosylation as a target for 
recognition of influenza viruses by the innate immune system. Adv Exp Med Biol. 
2007;598:279–92.  

46.  Hartshorn KL. Role of surfactant protein A and D (SP-A and SP-D) in human 
antiviral host defense. Front Biosci Sch Ed. 2010 Jan 1;2:527–46.  

47.  Tate MD, Brooks AG, Reading PC. Inhibition of lectin-mediated innate host 
defences in vivo modulates disease severity during influenza virus infection. Immunol 
Cell Biol. 2011 Mar;89(3):482–91.  

48.  Sarma JV, Ward PA. The complement system. Cell Tissue Res. 2011 
Jan;343(1):227–35.  

49.  Gadjeva M. The complement system. Overview. Methods Mol Biol Clifton NJ. 
2014;1100:1–9.  

50.  Mazanec MB, Coudret CL, Fletcher DR. Intracellular neutralization of influenza 
virus by immunoglobulin A anti-hemagglutinin monoclonal antibodies. J Virol. 1995 
Feb;69(2):1339–43.  

51.  Chen X, Liu S, Goraya MU, Maarouf M, Huang S, Chen J-L. Host Immune 
Response to Influenza A Virus Infection. Front Immunol. 2018;9:320.  



 203 

52.  Wille M, Holmes EC. The Ecology and Evolution of Influenza Viruses. Cold 
Spring Harb Perspect Med. 2020 Jul 1;10(7).  

53.  Hartmann BM, Albrecht RA, Zaslavsky E, Nudelman G, Pincas H, Marjanovic 
N, et al. Pandemic H1N1 influenza A viruses suppress immunogenic RIPK3-driven 
dendritic cell death. Nat Commun. 2017 Dec 5;8(1):1931.  

54.  Meischel T, Villalon-Letelier F, Saunders PM, Reading PC, Londrigan SL. 
Influenza A virus interactions with macrophages: Lessons from epithelial cells. Cell 
Microbiol. 2020 May;22(5):e13170.  

55.  Short KR, Kroeze EJBV, Fouchier RAM, Kuiken T. Pathogenesis of influenza-
induced acute respiratory distress syndrome. Lancet Infect Dis. 2014 Jan;14(1):57–69.  

56.  Frabutt DA, Wang B, Riaz S, Schwartz RC, Zheng Y-H. Innate Sensing of 
Influenza A Virus Hemagglutinin Glycoproteins by the Host Endoplasmic Reticulum (ER) 
Stress Pathway Triggers a Potent Antiviral Response via ER-Associated Protein 
Degradation. J Virol. 2018 Jan 1;92(1).  

57.  Heindel DW, Koppolu S, Zhang Y, Kasper B, Meche L, Vaiana CA, et al. 
Glycomic analysis of host response reveals high mannose as a key mediator of influenza 
severity. Proc Natl Acad Sci U S A. 2020 Oct 27;117(43):26926–35.  

58.  Jorba N, Coloma R, Ortín J. Genetic trans-complementation establishes a new 
model for influenza virus RNA transcription and replication. PLoS Pathog. 2009 
May;5(5):e1000462.  

 

 

  



 204 

4.8 Acknowledgements 

 

This chapter is part of a publication (14), and we therefore 

acknowledge all the other authors. In addition, we are indebted to Pedro 

Faísca at the Histopathology Unit of the IGC for his helpful contribution 

to the histopathology analysis. We are grateful to Jose Antonio Melero, 

John Skehel, Juan Ortín, and Pablo Gastaminza for their suggestions to 

the experimental work. We acknowledge Marta Alenquer and Sílvia Vale 

Costa for their help in sample collection. We acknowledge Dr. Vera 

Martins (IGC, Portugal) for her help in flow cytometry data acquisition 

and for providing reagents. We are grateful to the Animal House Facility, 

Flow Cytometry Facility and Histopathology Unit at the IGC for technical 

support, sample processing and data collection. We thank Marta 

Monteiro (IGC, Portugal), Rafael Paiva (IGC, Portugal) and the 

members of CBV lab for helpful discussion. 

 

  



 205 

4.9 Supplementary material 

 

 

Fig. 4.S1 – Immunological damage in lungs of CAL and HA mut-

infected mice (14).  

Five BALB/c female mice/condition were infected with 1000 PFU of 

A/California/04/09 WT (CAL) or HA S110L (HA mut). At 1, 2, and 3 days post-

infection (d.p.i.) lungs were collected. A-I: representative lung histological 

analyses, after hematoxylin and eosin (H&E) staining. Lungs at 1.25x 

amplification at 2 d.p.i., where higher differences were detected. Inlets are 

areas 10x amplified where specific damage (or its absence) is observed 

Perivascular/peribronchial infiltrates;  Bronchial exudates). Histological 

scoring is presented in Fig. 4.4. 
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Fig. 4.S2 – NP expression in lungs of CAL and HA mut-infected 

mice (14).  

Five BALB/c female mice/condition were infected with 1000 PFU of 

A/California/04/09 WT (CAL) or HA S110L (HA mut). At 1, 2, and 3 days post-

infection (d.p.i.) lungs were collected and processed for NP staining. A-I: 

representative lung immunohistochemical analysis. Lungs at 1.25x 

amplification at 2 d.p.i.. Inlets are areas 5–20x amplified where staining (or 

its absence) is observed. (  Perivascular/peribronchial infected areas;  

parenchyma areas infected). NP scoring is presented in Fig. 4.5. 
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5.1 General discussion 

 

The current pandemic outbreak of coronavirus disease 2019 

(COVID-19) forced us to experience first-hand the health care problems 

associated with uncontrolled viral infections. In addition, the 

heterogenous disease spectra provoked by severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2) infection highlighted the 

relevance of better understanding the mechanisms associated with host 

susceptibility. The host reacts to a viral infection by mounting an immune 

response aiming at clearing the invading virus from the organism. The 

immune system is, however, a two-edged sword as it may clear the 

infection but also inflict damage to the organism during the process (1). 

Two different options have for long been recognized as modulators of 

viral infection and organism homeostasis restoration: one is to recognize 

the virus and clear it rapidly (disease resistance) and the other is to 

equip the organism with features that make it more resilient to infection, 

without clearing the virus quickly (disease tolerance) (2,3). Therefore, 

the balance between viral clearance and viral-induced pathology results 

from an intricate interplay between host and viral factors.  

Throughout this work, we explored different perspectives of this 

interaction (Fig. 5.1): in chapters 2 and 3, we uncovered a host virulence 

factor and its mechanism to modulate virally-induced immunopathology, 

without interfering with viral load and penetrance. In chapter 4, we 

assessed how simple mutations in a virus can lead to improved 

recognition and elimination by the immune system, looking at a point 

mutation in a viral factor, HA S110L, and its role in viral attenuation. 

Overall, this work will contribute to the understanding of the processes 

governing viral pathogenesis, and hint on strategies to modulate them. 
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Fig. 5.1 – Summary of the contribution of host and viral factors 

to pathogenesis. 

 

Our results demonstrated that DAF is a new host virulence factor 

and identified two viral factors, HA and NA, that are implicated in DAF-

mediated virulence. The host immune system comprises complex 

networks of interactions, feedback mechanisms and redundancies (3–

6), therefore, it is challenging to isolate the individual contribution of 

each player. Interestingly, DAF promoted immunopathology through 

increased complement activation, associated with excessive immune 

cell recruitment. In the future, a thorough characterization of the 

recruited cell types, as well as their activation states, will help to improve 

the comprehension of the detrimental effect of DAF upon IAV infection. 

Based on our evidence, we can speculate that DAF and HA 

interaction could be impacting adaptive immune cell recruitment, 

however this requires experimental confirmation by assessing the levels 

of HA-specific T cells recruited in WT or Daf-/- mice. It would not be 

surprising if HA, one of the major antigenic viral proteins, impacted the 

recognition by the adaptive immune system in a passive way. This is 

illustrated by the mutation HA S110L, with a predicted minimal impact in 

protein structure, being more prone to neutralization by monoclonal and 
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polyclonal antibodies against the circulating WT strain (7). Nevertheless, 

it would be unexpected that the HA impact on the adaptive immune 

system depended on DAF. This suggests that DAF could somehow 

contribute to expose HA to incoming immune cells. Alternatively, HA-

DAF interaction could actively modulate immune cell recruitment 

through a more complex mechanism. In any case, both hypotheses 

could be associated to DAF binding affinity to CD97 in leukocytes (8,9). 

Additionally, HA binding of DAF sialic acid would be an attractive 

hypothesis in this model, as it attaches to sialic acid residues on host 

proteins. Interestingly, different viral strains have distinct preference for 

the sialic acid linkage. For instance, avian influenza viruses primarily 

bind to α2,3-linked sialic acid, whereas human influenza viruses 

preferentially bind to α2,6-linked sialic acid (10–12). Therefore, we 

hypothesized that HA could bind to DAF sialic acid moieties in a strain-

specific manner, conditioning disease outcome. However, we could not 

detect a direct interaction between DAF and HA, despite several 

attempts of co-immunoprecipitation (data not shown). We can speculate 

that DAF-HA interaction is weak/transient and/or that it requires a third 

party. Alternatively, it is possible that HA-DAF binding follows the same 

principles of the NK cell receptors NKp44 and NKp46, which have been 

reported to be bound by IAV HA, and released by NA desialylation (13). 

As we performed DAF pulldown after 12 hours of infection, it is possible 

that we could not detect DAF-HA binding because DAF is already 

completely desialylated at this timepoint. Therefore, further experiments 

with individual transfection and/or different timepoints of infection should 

be conducted in order to test this hypothesis. 

As HA is involved in cell entry, we would expect that, if DAF 

directly interacted with HA, DAF’s absence should impact viral loads. 

Nevertheless, we did not observe differences in viral replication or 

clearance in DAF depleted mice compared to WT, as well as in viral 

replication in vitro. In this context, DAF is a definitive virulence factor, as 
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its absence does not affect the virus, but its presence is detrimental to 

the host. Importantly, viruses are prone to exploit host factors and 

induce alterations in their function. This is well illustrated by the 

numerous pathways the host evolved to detect viral infection and 

activate antiviral responses, and the abundant means viruses 

developed to counteract all of them (14). Hypothetically, one could think 

that interactions that are detrimental for the host and unnecessary for 

the virus, as it appears to be the case of IAV and DAF, would tend to be 

eliminated. Within this framework, it is counterintuitive that IAV-DAF 

interaction would be shared by many viral strains, suggesting its 

preservation, despite seemingly detrimental for the host and negligible 

for the virus. However, we analyzed infection within an individual for a 

limited period of time, so we cannot exclude that the virus could be 

benefiting outside of this context, for example in transmission capability. 

Still, this would not be straightforward, as viral loads were not affected. 

An alternative explanation could be that this feature resulted from a 

stronger selection in other hosts (e.g. avian) where the virus is better 

adapted. This hypothesis is supported by the fact that birds are the 

major reservoir for IAV (11,15–18). Thus, it would be interesting to 

evaluate the role of DAF upon IAV infection in other species. 

Our data also highlighted a novel interaction between DAF and 

NA that modulates innate immune cell recruitment. Particularly, DAF-NA 

interplay promoted the excessive recruitment of neutrophils, which are 

known drivers of immunopathology upon IAV infection (19–23), but also 

other infections such as respiratory syncytial virus (RSV) and SARS-

CoV-2 (24–28). Furthermore, we provided evidence supporting a 

mechanism of enhanced complement activation via NA-mediated 

cleavage of DAF sialic acid. The direct link between DAF desialylation 

and increased complement activation we propose is based on modest 

in vitro evidence, and requires further experimental validation. But this 

is a plausible explanation, supported by the extensive data on how 
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changes in sialic acid content affect several arms of immunity, such as 

complement regulation, antibody modulation, lectin recognition and 

innate immune cell activation (29–35). Taken together, these data 

reveal a novel way of IAV to control the host immune response. 

Remarkably, we observed that Daf-/- mice protection was stronger 

with a lethal dose of PR8-HK4 (250 PFU) than with a sublethal one (100 

PFU). As expected, a higher viral dose inflicts further bodyweight loss in 

WT mice (Fig. S1-A). Surprisingly, the extent of bodyweight loss upon 

DAF depletion was similar between 100 and 250 PFU (Fig. 5.S1-B). This 

result suggests a role for DAF in sensing the viral infection, and 

contributing to mount the initial immune response in a dose-dependent 

manner. In agreement with in vitro results, PR8-HK4 would extensively 

cleave DAF, promoting augmented complement activation and innate 

immune cell recruitment. An initial higher viral load would inflict a faster 

DAF cleavage, and therefore a stronger immune response, resulting in 

increased immunopathology and poorer prognosis, as observed in WT 

mice. Conversely, in Daf-/- mice there cannot be DAF cleavage. 

Therefore, the immune response would be similar upon high or low viral 

doses, and the disease outcome would be identical, as we observed in 

Daf-/- mice. This should be confirmed by analyzing the immune response 

in Daf-/- mice infected with increasing doses of PR8-HK4, as it would 

contribute to further comprehend DAF virulence mechanism. 

DAF cleavage by NA was observed in different human and murine 

cell lines, which indicates it may be a widespread feature of IAV 

infection. At the moment, there are effective antivirals to treat IAV 

infection, but their usage has to be restricted to serious disease 

outcomes, to avoid emergence of resistant viruses (15,36,37). It has 

always been an attractive hypothesis to develop antiviral therapies 

focusing on host factors as they are less likely to induce viral resistance. 

However, this is not straightforward, as compounds targeting the host 

may be toxic, as is the case of chloroquine or leptomycin B (38–40). 
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Ideally, therapies should specifically aim at the infected cells. IAV alters 

the surface glycosylation of infected cells, as demonstrated by NA-

mediated DAF cleavage, hence an interesting option would be to define 

and develop drugs specifically targeting the newly exposed glycans. 

Despite the quite distinct mechanisms, a similar approach has been 

proposed for malaria, as antibodies targeting Galα1-3Galβ1-4GlcNAc-R 

(α-Gal), in mice depleted from this glycan, protected from Plasmodium 

infection (41). Due to scarcity of efficient antivirals, vaccination is the 

best available strategy to control seasonal IAV epidemics, nevertheless 

current vaccines efficacy is still far from ideal (42,43). To elicit a stronger 

response, NA-mediated DAF cleavage and modulation of complement 

activation and immune cell recruitment could be an alternative target to 

be explored upon vaccine design. 

Within the tested viruses, PR8 was the most virulent in mice, as 

well as the one that cleaved DAF to a further extent. Remarkably, we 

did not observe any protection from PR8 infection in DAF-depleted mice. 

It is possible that the complete removal of DAF sialic acid would render 

DAF inert; however, at this moment we cannot discard that PR8 intrinsic 

virulence could overpower DAF effect. A thorough characterization of 

PR8 infection in Daf-/- mice would be required to shed some light into 

these hypotheses: if PR8 action on DAF hinders its function, Daf-/- mice 

will present the same immunopathology as their WT counterparts; 

alternatively, if Daf-/- mice exhibit reduced lung tissue damage, 

complement activation and immune cell recruitment, as we observed 

upon the remaining viruses’ infection, it will show that PR8 increased 

virulence (e.g. faster replication, immune evasion or systemic effects) is 

overcoming DAF depletion effect. 

As mentioned above, receptor preference is one of the best 

described inter-species barriers, and implies that adaptation from an 

avian to a human host requires adaption of HA and NA (11,17,18,44). 

Thus, monitoring avian circulating viruses for the acquisition of ability to 
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cleave α2,6-linked sialic acid is essential to anticipate emerging 

zoonosis. Potentially, DAF cleavage could be explored as a new tool to 

determine viral adaptation to human hosts. Furthermore, the type of 

DAF glycosylation is common to other proteins, such as mucins (45–

48), which suggests that NA-mediated cleavage of sialic acids may be 

necessary to modulate infection in a broader sense than we explored 

here.  

Besides exploring the host part of the infection, we also assessed 

the contribution of a viral factor to pathology. HA is involved in cell entry 

and is the major viral antigenic protein, consequently it is crucial to 

successfully establish an infection (10,42). In order to avoid the immune 

system, HA tends to accumulate mutations, which could have 

implications in viral fitness, and therefore in virulence. We analyzed the 

effect of the point mutation HA S110L in a circulating strain isolated from 

a fatal infection upon 2009 pandemic (49). Surprisingly, HA S110L 

conferred a strong attenuation, despite no obvious differences in protein 

structure nor infection ability in vitro. Nevertheless this mutation 

markedly impaired viral replication and penetration in murine airways 

(7). Conversely to what we observed in the first two chapters, these 

results elucidated a new mutation that promotes viral elimination by the 

host. Nevertheless, in both cases, the outcome is decreased pathology. 

Viral pathogenesis results from an interplay of viral and host 

factors. The COVID-19 pandemic reinforced the need to study host-

pathogen interaction pathways and how could we modulate them to 

prevent severe disease. The most immediate idea to confer protection 

is to clear the pathogen, promoting disease resistance (2,3). However, 

immunopathology is a consequence of an excessive immune response, 

and a major cause of complications upon infection (1,2,50). In fact, most 

available and prospective antiviral drugs target the virus, making them 

more effective early in the infection, as in humans IAV replication peaks 

around 2 days post-infection. (15,36,51–53). An interesting therapeutic 
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alternative would be to target host pathways that limit immunopathology, 

and therefore promote disease tolerance (2,3,54). Targeting host factors 

upon viral infection is not novel, as it has been explored in infections 

with human immunodeficiency virus (HIV), hepatitis B virus (HBV) or 

hepatitis C virus (HCV) (55–57). Host-directed therapies for IAV have 

also been proposed, such as the antagonists of TLR4 and CXCR2, 

eritoran and danirixin, respectively, aiming to decrease excessive 

inflammation (57–59). This type of approach would provide significant 

benefits, such as decreased proneness to develop resistance, broad-

spectrum activity against respiratory viral infections and increased 

efficiency later in infection. This is particularly relevant in infections such 

as SARS-CoV-2, which are characterized by a longer period between 

infection and symptom onset (53). Nevertheless, immunosuppressive 

strategies must be carefully designed, as opportunistic bacteria may 

establish severe secondary infections, which were a major cause of 

death upon the Spanish flu pandemic (50,60–62). As an example, 

complement inhibition therapy in patients suffering from its excessive 

intrinsic activation, using the clinically approved α-C5 monoclonal 

antibody eculizumab, was associated with increased risk of bacterial 

infections (63). Currently, more than twenty drug candidates ranging 

different steps of the complement cascade are at clinical development 

stage (64–66), which could be assessed in the future for their ability to 

prevent immunopathology without compromising host defense upon 

infection. 

It is imperative to understand in detail which pathways may lead 

to disease tolerance or immunopathology. In summary, our results 

reveal DAF as a novel virulence factor and suggest it operates via 

complement, which is, in turn, the major driver of immunopathology. 

Complement-dependent cytotoxicity is not the major cause of tissue 

damage but, instead, the excessive recruitment of neutrophils and 

monocytes via C3a, and likely C5a. Remarkably, we observed that viral 
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NA directly cleaved DAF sialic acid moieties, increasing complement 

activation in vitro, which provides a possible link to immunopathology 

(Fig 5.2). 

 

 

Fig. 5.2 – Proposed model for DAF-mediated immunopathology. 

At steady state, DAF accelerates the decay of C3 convertases, 

inhibiting the formation of C3a and C3b and subsequent complement 

activation. Upon IAV infection, the cell will produce viral proteins, and in 

particular NA. NA is a potent sialidase that will remove the sialic acid content 

of DAF both in the cytoplasm and at the surface. This processing of DAF by 

NA leads to DAF loss/alteration of function and hence overactivation of the 

complement pathway that will recruit innate immune cells. The excess of 

innate immune response leads to tissue damage and ultimately 

immunopathology, worsening disease outcome. 
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5.2 Future perspectives 

 

Overall, this work contributed to the understanding of viral 

pathogenesis. Ultimately, only a solid comprehension of the processes 

governing it will support the prospective development of new strategies 

to modulate viral-induced pathology. Hence, future work should aim at 

exploring these mechanisms in-depth. 

The host immune response is intricate, and therefore it would be 

valuable to pinpoint which immune cell populations are responsible for 

IAV-associated immunopathology. At the moment, the major candidate 

cells are neutrophils, for their timing in the immune response and 

previous reports of provoking immunopathology upon viral infection. 

Thus, in order to address this, neutrophils should be depleted in WT 

mice, to levels that resemble their Daf-/- counterparts, and assess if they 

acquire protection from IAV infection. Moreover, a complementary and 

unbiased approach would be to compare the transcriptomic/proteomic 

profiles of different cell populations upon DAF depletion. 

Complement system provides a potent and expeditious response, 

which may lead to immunopathology when excessive. Assessment of 

the levels of complement activation in the course of infection would offer 

insight on its detailed impact at different stages, and how it could be 

connected to immunopathology. 

Type I IFN delivers the first reaction to infection, and deviations 

from an equilibrated response have been associated with severe viral 

infections. Our evidence did not hint any role of IFN signaling early in 

infection of Daf-/- mice, as we did not observe disparities in viral loads. 

Nevertheless, IFN levels should be measured to test a hypothetical 

participation of IFN in immunopathology via DAF. 

Our results indicated that DAF interacts with HA and NA, with 

distinct implications. Particularly, DAF-HA interaction suggested an 

impact in adaptive immunity. To confirm this, it would be then essential 
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to define the mechanistic interaction between DAF and HA, and to test 

the recruited T cells for their specificity to target HA. Whilst the DAF-NA 

interaction was better defined, it would be also important to analyze NAs 

from different viral strains, and relate their contribution to infection in vivo 

with their ability to cleave DAF and activate complement in vitro. 

Furthermore, it would be interesting to assess if DAF-HA and/or DAF-

NA interactions could somehow impact immune cell attachment and 

recruitment, independently of complement. 

DAF shares the typical mucin glycosylation, in which sialic acid 

residues are attached to O-glycans. Analysis of specific mucins present 

in the airways would reveal if NA-mediated sialic acid cleavage could be 

extended to other proteins. As the mucus barrier is essential to protect 

from IAV, it would be noteworthy to assess if a hypothetical mucin 

desialylation could induce local immunosuppression. Moreover, it is key 

to evaluate the overall impact of NA in glycosylation. This could be 

achieved by labeling of sialic acid and subsequent analysis of its linked 

proteomic content. Comparing this in steady-state and infection would 

hint proteins that lose sialic acid upon infection due to NA effect. 

Remarkably, other viruses, such as paramyxovirus, possess sialidases, 

and therefore the exploitation of host sialic acid removal could unveil a 

new layer of understanding to host-pathogen interactions. 
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5.4 Supplementary material 

 

 

Fig. 5.S1 – Complement decay-accelerating factor is required 

for dose-dependent pathology. 

A, B: Bodyweight loss of C57BL/6J WT (A) or Daf-/- (B) mice infected 

with the indicated doses of A/Puerto Rico/8/1934 with segment 4 from 

A/Hong Kong/1/68 (PR8-HK4). (A: 100 PFU n = 14, 250 PFU n = 8; B: 100 

PFU n = 10, 250 PFU n = 8). Results are expressed as mean±sd. Statistical 

significance analyzed with two-way ANOVA followed by Holm-Sidak multiple 

comparisons test. 
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