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Abstract 

 Influenza viruses cause significant morbidity and mortality worldwide. Vaccines are the 

best tools available to reduce the disease burden; however, vaccine effectiveness varies 

significantly between years, target populations and strains. Medicago Inc. has developed a highly 

efficient platform to produce plant-derived virus-like particle (VLP) vaccines bearing influenza 

hemagglutinin (HA) that have been shown to elicit strong humoral and CD4+ T cell responses in 

both pre-clinical and clinical studies. To better understand the immunogenicity of these vaccines, 

we studied the early interactions of VLPs with antigen-presenting cells (APC) in vitro. We 

demonstrated that VLPs bind to human monocytoid U-937 cells and monocyte-derived 

macrophages (MDMs) in a sialic acid-dependent manner. VLP attachment to the cell surface led 

to internalization, trafficking to acidic cell compartments and fusion of the VLP lipid envelope 

with endosomal membranes. Incubation of MDMs with VLPs bearing H1 (HA sequence from 

A/California/07/2009 (H1N1) strain) but not H5 (HA sequence from A/Indonesia/05/2005 

(H5N1) induced proliferation of autologous lymphoid cells suggesting antigen processing by 

MDMs and stimulation of a memory T cell response. Pulse-exposure of MDMs with H1-VLPs 

resulted in a rapid and massive intracellular accumulation of HA that was driven by clathrin-

mediated and clathrin-independent endocytosis as well as macropinocytosis/phagocytosis. The 

H1-VLPs endosomal distribution pattern suggested that HA delivered by VLP had entered both 

high-degradative late (supporting major histocompatibility complex (MHC) II-restricted antigen 

presentation) and low-degradative static early and/or recycling (favoring MHC I-restricted 

antigen cross-presentation) endosomal pathways. High-resolution tandem mass spectrometry 

identified a large number of HA-derived peptides associated with MHC I in the H1-VLP-treated 

MDMs. In addition, many host-derived MHC I peptides were identified in VLP-treated samples. 

These peptides were mainly processed by matrix metalloproteinases and cathepsins. The host 

proteins associated with these peptides were primarily involved in pathways modulating 

inflammation (i.e. stimulation and attenuation), innate and adaptive immunity, clathrin-mediated 

endocytosis, protein synthesis and endo-lysosomal degradation. Finally, tools we used while 

studying endosome-lysosome fusion led to the development of a novel serological assay for 

influenza based on 1,1'-dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine perchlorate (DiD) 

fluorescence dequenching. This assay measures ‘functional’ influenza antibody titers, is free 

from observer bias and has the potential to be fully automated. In summary, we demonstrated 
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that HA delivery to APCs in a form of plant-derived VLPs facilitates antigen uptake, endosomal 

processing, presentation and cross-presentation. These observations may help to explain the 

broad and cross-reactive immune responses generated by VLP vaccines. The new DiD 

fluorescence dequenching assay we developed may give new insights into the spectrum of 

antibodies produced in response to influenza infection or vaccination. 
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Résumé 

Les virus grippaux entraînent une morbidité et une mortalité significatives dans le monde 

entier. Les vaccins sont les meilleurs outils disponibles pour réduire le fardeau de cette maladie; 

cependant, l'efficacité du vaccin varie de manière significative entre les années, les populations 

cibles et les souches. Medicago Inc. a développé une plate-forme hautement efficace pour 

produire des vaccins à particules pseudo-virales (VLP) d'origine hémagglutinine (HA) dérivées 

de plantes qui ont démontré une forte réponse humorale et lymphocytaire T CD4+ dans les études 

précliniques et cliniques. Pour mieux comprendre l'immunogénicité de ces vaccins, nous avons 

étudié les interactions précoces des VLP avec des cellules présentatrices d'antigènes (APC) in 

vitro. Nous avons démontré que les VLP se lient aux cellules monocytaires humaines U-937 et 

aux macrophages dérivés des monocytes (MDM) d'une manière dépendante de l'acide sialique. 

La fixation des VLP à la surface cellulaire a conduit à l'internalisation, au trafic vers les 

compartiments cellulaires acides et à la fusion de l'enveloppe lipidique VLP avec les membranes 

endosomales. L'incubation des MDM avec des VLP portant H1 (séquence HA de la souche 

A/California/07/2009 (H1N1) mais pas H5 (séquence HA de A/Indonesia/05/2005 (H5N1) induit 

une prolifération de cellules lymphoïdes autologues suggérant un traitement antigénique par 

MDMs et la stimulation d'une réponse lymphocytaire mémoire L'exposition pulsatile des MDM 

aux H1-VLP a entraîné une accumulation intracellulaire rapide et massive d'HA causée par 

l'endocytose induite par la clathrine et la clathrine ainsi que par la macropinocytose/phagocytose. 

La distribution endosomale de VLP suggérait que la HA délivrée par VLP était entrée à la fois 

dans les voies endosomiques tardives à haute dégradation (soutenant la présentation d'antigènes 

restreints au complexe majeur d'histocompatibilité (CMH) II) et dans les voies endosomiques 

statiques et/ou de recyclage statiques à faible dégradation (favorisant la présentation croisée de 

l'antigène du CMH I). La spectrométrie de masse en tandem à haute résolution a permis 

d'identifier un grand nombre de peptides dérivés de HA associés au CMH I dans les MDM H1-

VLP traités. Les peptides du CMH I ont été identifiés dans des échantillons traités par VLP. Ces 

peptides ont été principalement traités par des métalloprotéinases matricielles et des cathepsines. 

Les protéines hôtes associées à ces peptides étaient principalement impliquées dans les voies 

modulant l'inflammation (c'est-à-dire la stimulation et l'atténuation), l'immunité innée et 

adaptative, l'endocytose médiée par la clathrine, la synthèse protéique et la dégradation endo-

lysosomale. Enfin, les outils que nous avons utilisés lors de l'étude de la fusion endosome-
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lysosome ont conduit au développement d'un nouveau test sérologique de la grippe basé sur 

l’extinction de fluorescence 1,1'-dioctadécyl-3,3,3 ', 3'-tétraméthylindodicarbocyanine 

perchlorate (DiD). Ce test mesure les titres d'anticorps de la grippe ‘fonctionnels’, est exempt de 

biais observateur et a le potentiel d'être entièrement automatisé. En résumé, nous avons démontré 

que la délivrance de HA aux CPA dans une forme de VLP dérivée de plantes facilite l'absorption 

d'antigène, le traitement endosomal, la présentation et la présentation croisée. Ces observations 

peuvent aider à expliquer les réponses immunitaires larges et réactives croisées générées par les 

vaccins VLP. Le nouveau test d’extinction de fluorescence DiD que nous avons développé 

pourrait donner de nouvelles perspectives sur le spectre des anticorps produits en réponse à une 

infection grippale ou à la vaccination. 
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2. We provided evidence that influenza HA delivered in a form of plant-derived VLPs is 
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Chapter 1: Literature review and research objectives 

 

1.1. INFLUENZA: MEDICAL AND SOCIO-ECONOMIC ASPECTS 

 

1.1.1. Social and economic burden of seasonal and pandemic influenza 

 Despite undeniable progress in influenza prevention and treatment, this infection remains 

a major public health threat. The World Health Organization (WHO) estimates that 3 to 5 million 

cases of severe illness caused by influenza viruses occur every season and lead to 290,000 to 

650,000 deaths worldwide (1). In developed countries, most influenza-related deaths occur in 

individuals ≥75 years of age but up to 99% of the influenza-related deaths in those 5 years old or 

younger happen in the developing world (2,3). In 2016-2017 influenza season, an estimated 30.9 

million people became sick with influenza in the United States, 14.5 million visited their health 

care provider, and ~600,000 required hospitalization (4). Influenza may cause exacerbation or 

worsening of chronic diseases such as chronic obstructive pulmonary disease, atherosclerosis and 

ischemic heart disease leading to myocardial infarction or stroke. Influenza also increases the 

risk of miscarriage in pregnant women and is strongly associated with secondary bacterial 

infections, although the influenza virus itself is often undetectable when these complications 

occur (5–8). 

 The socio-economic impact of influenza is massive. The total (direct and indirect) annual 

cost of seasonal influenza is reported to be as high as $19,8 billion in the USA, which means 

~$63 per capita or 0.14% of gross domestic product (GDP). Similar figures for per capita costs 

($27-$52) and GDP impact (0.04%-0.13%) are reported for the European countries (9). A recent 

European study reported that influenza had the highest burden (30% of the total burden) of the 

disability-adjusted life years - 81.8 per 100,000 population - among 31 communicable diseases 

included in the analysis (10). It is likely that both the prevalence and the economic burden of 

influenza in developing countries are greatly underestimated (11,12).  

 Although the burden of seasonal influenza cases is already large, influenza viruses also 

have the potential for sustained national and international spread leading to infection of a large 

proportion of the world’s population, or a ‘pandemic’ (13). Since 1510, at least 14 pandemics 

have been caused by influenza viruses; in the past 120 years, influenza pandemics occurred in 

1889, 1918, 1957, 1968, 1977, and 2009 (14). The catastrophic ‘Spanish’ influenza pandemic of 
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1918-1920 affected one third of the world population (about 500 million people) with 

case/fatality rates exceeding 2.5%, compared to less than 0.1% for other influenza pandemics, 

and 50 to 100 million people died (15). A number of influenza viruses that cause severe disease 

and high mortality in humans have emerged in the last two decades, including H5N1 virus, first 

detected in 1997, and the H7N9 and H10N8 viruses, first reported in 2013 (16).  

The most recent influenza pandemic was caused by an ‘new’ H1N1 virus that was first 

reported in 2009 (pdmH1N1) (17). The WHO reported 18,632 deaths associated with laboratory-

confirmed 2009 pdmH1N1 influenza (18). However, a computational modelling study argued 

that there were at least 201,200 respiratory deaths with an additional 83,300 cardiovascular 

deaths globally were caused by pdmH1N1 in 2009-2010. Furthermore, this study estimated that 

80% of the respiratory and cardiovascular deaths were in people younger than 65 years of age 

and that 51% of them occurred in South-East Asia and Africa (19). High mortality in the younger 

age groups resulted in a much greater loss of life-years compared to seasonal influenza 

epidemics (18). 

 

1.1.2. Influenza etiology, pathogenesis and clinical presentations in humans 

The causative agents of human influenza are influenza A, B or C viruses that belong to 

the Orthomyxoviridae family (20). Recently characterized influenza D viruses have not been 

found in humans to date (21,22). Influenza type A viruses can infect people, birds, pigs, horses, 

seals, whales, and other animals, but wild birds are the natural hosts for these viruses. Influenza 

type A viruses can cause human epidemics and pandemics. Influenza B viruses are normally 

found only in humans, although they have also been isolated from seals. Although influenza type 

B viruses can cause human epidemics, they have not yet caused a pandemic. Influenza type C 

viruses cause mild illness in humans and do not cause epidemics or pandemics (20,23,24).  

Influenza A, B and C viruses are distinguished on the basis of their core proteins, which 

are specific for each viral type (25). Subtypes of influenza A virus are classified according to 

their hemagglutinin (HA) and neuraminidase (NA) surface proteins. There are 18 HA subtypes 

and 11 NA subtypes known to date (26). The WHO recommended nomenclature of influenza 

viruses includes the type of virus (A, B, or C), the host (if nonhuman), place of isolation, 

isolation number, and year of isolation (separated by slashes). For influenza A viruses, HA and 

NA subtypes are specified in parentheses (14,25). Influenza B viruses initially formed a 
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homogenous group. During the mid-1980’s, evolutionary changes in the HA gene separated 

influenza B viruses into two antigenically distinct lineages represented by B/Yamagata/16/88 

and B/Victoria/2/87 (27–29). 

 

1.1.2.1. Structure and life cycle of influenza viruses 

Influenza viruses are enveloped negative-strand RNA viruses with segmented genomes 

containing 8 (type A and B viruses) or 7 (type C viruses) gene segments. Influenza A and B 

viruses are represented by two morphological forms: spherical and filamentous. Spherical virions 

have diameters of 80–120 nm. Filamentous virions exhibit elongated morphology with the length 

sometimes upwards of 20 µm; these are predominantly found in freshly isolated clinical samples 

(30–32). Influenza C viruses can form long (up to 500 µm) cord-like structures on the surface of 

infected cells (33). In all cases, the viral envelope is derived from the host cell membrane 

acquired when the virion buds from an infected cell. HA (in the form of trimers) and NA (in the 

form of tetramers) spikes, as well as matrix 2 (M2) transmembrane envelope proteins are 

exposed on the surface of influenza A virions (34–36). Matrix 1 (M1) protein lies on the inner 

side of viral envelope (37). The core of the influenza A virion is formed by 8 viral ribonucleic 

acid (RNA) segments associated with multiple copies of nucleoprotein (NP) and polymerase 

complexes of PA, PB1, and PB2 proteins (38). Influenza A virus RNA also encodes a 

nonstructural protein (NS1) and the nuclear export protein NS2/NEP (39–41). In addition, other 

viral proteins can be produced using alternative translation initiation sites, ribosomal frameshift 

or alternative mRNA splicing (42). Together, the 8 segments of influenza A virus genome can be 

translated into up to 20 viral proteins (Table 1.1) (43). Influenza B virion structure is similar to 

influenza A; however, it has four transmembrane proteins on the surface: HA, NA, NB (acts as 

an ion channel) and BM2 (like the M2 protein of influenza A, BM2 acts as a proton channel) 

(44,45). The influenza C virus has an envelope hemagglutinin-esterase-fusion (HEF) protein that 

combines the functions of HA and NA; another protein unique to influenza C is CM2 that acts as 

an ion channel (46,47). 

The influenza virus life cycle consists of the following steps: entry into the host cell; 

entry of viral ribonucleoproteins (RNPs) into the nucleus; transcription and replication of the 

viral genome; export of the viral RNPs from the nucleus; and assembly and budding at the host 

cell plasma membrane (Fig. 1.1) (48).  
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Upon binding to host cell sialic acid residues, influenza virions enter the host cell 

predominantly through clathin-mediated endocytosis; however, other internalization mechanisms 

also contribute to cell entry (49–51). Endosomes containing influenza virions undergo 

maturation and acidification, and when pH reaches 5-6, fusion of the viral and endosomal 

membranes occurs. Low pH induces a conformational change in the HA molecule, exposing a 

fusion peptide that mediates merging of the viral envelope and endosomal membrane by bringing 

them into close proximity. Next, local destabilization of the lipid bilayers occurs, and membranes 

fuse causing mixing of the lipids and formation of a fusion pore in endosomal membrane 

(24,52,53). At the same time, protons from the endosomal milieu are pumped into the virus 

particle via the M2 ion channel. Internal acidification of the influenza virion disrupts internal 

protein-protein interactions, allowing viral RNPs to be released from the viral core into the host 

cell cytoplasm (54). Influenza viral transcription and replication occurs in the nucleus. The NP, 

PA, PB1, and PB2 viral proteins all have nuclear localization sequences that bind to the cellular 

nuclear import machinery. The viral RNA-dependent RNA polymerase complex - a component 

of the RNPs imported into the nucleus - uses the negative-sense viral RNA as a template to 

synthesize two positive-sense RNA species: messenger RNA (mRNA) templates for viral protein 

synthesis and complementary RNA (cRNA) intermediates from which the RNA polymerase 

subsequently transcribes more copies of negative-sense, genomic viral RNA (55). The envelope 

proteins HA, NA, and M2 are translated from messenger RNA of viral origin in the endoplasmic 

reticulum (ER). All three proteins have apical sorting signals that subsequently direct them to 

lipid rafts in the cell membrane for virion assembly. Influenza virus budding occurs at cell 

membrane, where viral RNA segments and proteins form complete viral particles (56). When 

budding is complete, HA spikes continue to bind the virions to the sialic acid residues on the cell 

surface until the particles are released by the sialidase activity of the NA protein (48,57). 

 

1.1.2.2. Antigenic drift and antigenic shift of influenza viruses 

The influenza viruses are constantly evolving pathogens, and their ability to evade 

multiple defense mechanisms allows them to be a continual threat to their hosts and to survive in 

populations with considerable prior exposure. These viruses have two major mechanisms for 

antigenic change, antigenic drift and antigenic shift (58). Antigenic drift occurs in all influenza 

viruses and is a gradual evolution of the viral strains, due to frequent mutations, primarily in the 
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surface protein genes. For example, in the H3N2 influenza A viruses, a mutation frequency of 

less than 1 % per year in the amino acid sequences of HA and NA results in so-called antigenic 

clusters that emerge and replace each other every 2 to 8 years (59,60). The infection of a person 

with specific influenza virus strain leads to development of adaptive immunity against that strain 

during the course of disease. The infection with a newly-emerged strain can occur when these 

immune defenses targeting the previously circulated strains are unable to recognize the new virus 

(61).  

To address these drifted viruses, influenza vaccine content is reviewed annually to ensure 

maintenance of protection, despite the emergence of new variants. Indeed, a network of global 

surveillance has been established to monitor the evolution of human influenza viruses and select 

the appropriate strains that should be included in the annual influenza vaccines (62). 

Antigenic shift is only seen in influenza A viruses, and results from the exchange of one 

or more genome segments between two related viruses which infect a host cell at the same time. 

During such a double infection, the various components of each virus are generated and, at the 

stage of assembling the progeny virions, mistakes in the combination of the independent gene 

segments happen because the budding mechanism cannot differentiate between RNA segments 

the two parent viruses. The reassortment of complete gene segments results in the formation of 

mosaic viruses known as ‘reassortants’. When genetic reassortment results in the exchange of 

segments encoding the viral surface proteins HA and NA, the progeny virus gains a new 

antigenic pattern (61). Reassortment can therefore result in the emergence of a new virus that has 

never circulated in humans before or may not have circulated for decades. Such viruses can have 

significant impact on the disease burden, causing worldwide pandemics and resulting in 

hundreds of thousands, or possibly millions of influenza-related deaths (63). Pandemic viruses 

are often genetic reassortants of human and avian/swine influenza A virus subtypes. Antigenic 

shifts occur all of the time in nature but truly pandemic viruses emerge approximately three 

times every 100 years (64). For example, three major antigenic shifts with resulting pandemics 

occurred during the 20th century (14). Rapid production of large quantities of a vaccine offering 

protection against the new pandemic strain remains a major challenge for influenza vaccine 

manufacturers (65,66). 
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1.1.2.3. Clinical manifestations and consequences of influenza 

The clinical manifestations of seasonal influenza range from asymptomatic infection to a 

fulminant illness, depending on the characteristics of both the host and the virus. In typical cases, 

the ‘flu’ is an acute respiratory disease characterized by the sudden onset of fever (body 

temperature can rise up to 41°C in the first 24 h of illness), headache, prostration, malaise, 

accompanied by respiratory symptoms, including non-productive cough, nasal discharge, and 

sore throat. Ocular symptoms can also be present and include photophobia, conjunctivitis, 

lacrimation, and pain with eye movement. Arthralgias are also quite frequent, but symptoms of 

true arthritis are not present. Some patients can exactly define the precise hour of disease onset. 

The incubation period is short (from a few hours up to 2 days). The fever is mostly continual, but 

it can be intermittent when the patient is taking antipyretic medications. The fever typically lasts 

1–5 days - very rarely longer - and goes down gradually. Complete recovery in an otherwise 

healthy individual usually takes 1-2 weeks; however, cough, weakness and malaise may last 

longer, particularly in the elderly (32,67). 

Importantly, influenza is often complicated by secondary bacterial or viral infections, 

causing severe morbidity and mortality. Approximately one in four patients (adult and children) 

admitted to intensive care units with confirmed influenza A infection in 2009 had a bacterial or 

viral co‐infection. Staphylococcus aureus, S. pneumoniae and Haemophilus influenzae were 

among the most frequently identified pathogens (68). Bacterial infection may be concurrent with 

influenza, and the resulting co‐infection can lead to enhanced lung injury. By another 

mechanism, prior influenza infection can alter both host immunity and pulmonary architecture 

(e.g. sloughing of the epithelial barrier), leading to increased susceptibility to secondary bacterial 

pneumonia (69,70).  

Disease severity, risk of complications, hospital admission and death are higher in some 

age groups. Typically, children younger than 5 years (particularly children <2 years of age) and 

individuals older than 65 years are at risk of increased morbidity and mortality from influenza. 

This is not always the case however. For example, in both the 2018-19 and 2009-10 pandemics, 

there was an unusual increased risk of mortality in young adults (71–73). ‘Sero-archeology’ 

studies suggest this unusual pattern of susceptibility may be attributable to early life experience 

with prior pandemic viruses (74).  
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A number of comorbidities significantly increase the risks associated with influenza, 

including chronic obstructive pulmonary disease, cardiovascular diseases, renal and liver 

diseases, diabetes and obesity (5,75–78). Pregnant women are also at elevated risk of pregnancy 

complications and poor fetal outcomes, hospitalizations and death caused by both pandemic and 

seasonal influenza (79–81). 

 

1.2. IMMUNE RESPONSES DURING THE NATURAL INFLUENZA  

 

1.2.1.      Innate immunity to influenza virus  

During the first days of infection with a new influenza strain, innate immune mechanisms 

form the first line of defense, limiting massive pathogen invasion and excessive tissue damage, 

slowing viral replication and spread, and laying the groundwork for an effective adaptive 

response (82–84). Innate immunity refers to genetically determined host defense mechanisms 

that do not require prior exposure to the pathogen. Instead, the innate response relies on 

recognition of evolutionary formed pathogen-associated molecular patterns (PAMPs) that 

distinguish them from healthy mammalian cells or commensal organisms (82,85).  

 

1.2.1.1.      Mucosal factors preventing the invasion of influenza viruses 

A large number of innate immune defense mechanisms play key roles at different stages 

of the infectious process. Soluble factors termed γ inhibitors prevent the interaction of influenza 

HA with the sialic acid residues on the surface of host cells that act as attachment factors for 

influenza virions. These factors are present in oral cavity, nasopharynx and the respiratory tract, 

and include a collectin family member (i.e. surfactant protein A), mucins, gp-340, pentraxins and 

ficolins (86,87). Other molecules called β inhibitors act through calcium-dependent binding to 

carbohydrates present on viral proteins. β inhibitors found in human airway secretions include 

the collectins, surfactant protein D and mannose-binding lectin, H-ficolin and galectin (88,89). 

Several other components of healthy respiratory fluids also contribute to early antiviral defense, 

including the hydrophobic surfactant protein C and surfactant lipids. Anti-microbial peptides 

such as α- and β-defensins, cathelicidins may also help to combat the influenza infection (90,91). 

The complement system is activated early in influenza by mannose-binding lectin or H-ficolin 

(92). Finally, the high mobility group box protein I is released from necrotic cells, and acts as an 
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‘alarmin’, signaling through various receptors on immune cells and causing release of pro-

inflammatory cytokines and chemoattractants at the site of invasion (93,94). Altogether, these 

soluble factors block the initial interactions between influenza virions and host cells and help to 

eliminate infected cells (83).  

 

1.2.1.2.       Innate recognition of the influenza viruses 

Healthy respiratory epithelial cells form an effective mechanical barrier against invasion 

by bacterial and viral pathogens. These cells have been shown to produce granulocyte 

macrophage colony-stimulating factor as well as type I and type III interferons (IFNs), which 

trigger a cascade of the antiviral effector mechanisms (83,95–97). There are at least three pattern 

recognition pathways through which respiratory epithelial cells respond to influenza virus 

infection: (i) toll-like receptors (TLRs) that recognize viral RNA at the cell surface or in the 

endosomal compartment; (ii) cytoplasmic nucleic acids recognition RIG-I-like receptors (RLRs); 

and (iii) nucleotide oligomerization domain (NOD)-like receptors (NLRs) that trigger the 

inflammasome pathway leading to caspase 1 activation and interleukin (IL)-1β and IL-18 

production (Fig. 1.2) (82,84,97,98). 

 

1.2.1.2.1. Toll-like receptors and influenza 

TLRs are expressed either on the plasma membrane or in endosomal compartments in 

epithelial and immune cells, and act as initial sensors of the pathogen- or damaged cell-

associated structural patterns. TLR7 is endosomal receptor that is thought to play a major role in 

the recognition and control of influenza virus infection. TLR7 detects single-stranded RNA 

(ssRNA) of the viral particles, and the sensing event does not require viral replication (99). 

Influenza infection also causes an increase of TLR8 expression in human monocytes and 

dendritic cells (DCs) (100). Stimulation of TLR8 with ssRNA triggers production of Th1-

polarizing proinflammatory cytokine IL-12 but not IFN-α (101). The role of TLR3 in protection 

against influenza virus infection is still not fully understood but treatment of the host cells with 

TLR3 ligand suppresses influenza virus replication (102). This is odd because TLR3 is thought 

to act as a sensor of double-stranded RNA (dsRNA) present in the endosomal compartment 

(103), and influenza A virus, like other negative-sense RNA viruses, does not generate dsRNA in 

infected cells (104,105). TLR3 may detect an unidentified dsRNA-containing substrate released 
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from the influenza A virus-infected cell upon phagocytosis of damaged/dying cells by 

neighbouring phagocytes (84). The role of other TLRs in influenza infection remains debatable. 

Influenza virus infection causes an increase of the expression of TLR9, a DNA sensor, in human 

pharyngeal epithelial cells, and treatment with a TLR9 ligand can suppress viral replication 

(102). TLR10 is thought to detect functional protein-RNA complexes of the influenza virus in 

infected cells (106). Influenza A virus caused a dramatic increase of the TLR10 expression in 

human macrophages, and down-regulation of TLR10 expression results in suppression of 

proinflammatory cytokines and type I and type III IFNs secretion (106). In addition, stimulation 

of ‘bacterial’ sensors TLR2 and TLR4 can also potentiate innate and adaptive antiviral immune 

responses (107,108).  

 

1.2.1.2.2. RIG-I-like receptors and influenza 

Whereas TLRs are membrane-associated structures that generally recognize extracellular 

or compartmentalized in endosomes PAMPs of non-replicating viruses, RLRs are located in the 

cytosol and detect the products of viral replication (109). RLRs are expressed in almost all 

tissues, and their expression level is greatly increased after exposure to viral pathogens or IFNs 

(84). Cytosolic sensing of the influenza viruses appears to be an important function of RIG-I 

system (110). RIG-I sensor detects phosphorylated 5’ terminus of ssRNA viral genomes, and the 

cytoplasmic presence of RNA containing 5’-phosphates allows recognition of viral RNA vs. host 

cell RNAs (111). Stimulation of RLRs results in activation of downstream cell signaling 

pathways that lead to production of type I and type III IFNs, proinflammatory cytokines and 

other antiviral factors (109,112). 

 

1.2.1.2.3. Nucleotide oligomerization domain (NOD)-like receptors and influenza 

The anti-infective function of NLRs is primarily associated with their contribution to the 

formation of inflammasomes, multi-molecular complexes assembled in response to invading 

pathogens or other danger signals (113–115). Proinflammatory factors induce expression of the 

inactive pro-forms of IL-1β and IL-18. Maturation of these pro-cytokines requires proteolytic 

cleavage of pro-caspase-1. Once activated, caspase-1 cleaves the inactive pro-IL1β and pro-IL18 

to their active forms, which then signal through target cell receptors to induce a broad spectrum 

of proinflammatory and antiviral cytokines, including IL-6, tumor necrosis factor (TNF)-α, and 
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IFN-γ (113,116). Inflammasome activation during influenza virus infection could be explained 

by at least three mechanisms. First, transfection of ssRNA isolated from influenza virions into 

target cells can directly trigger IL-1β production; second, proton flux through the influenza virus-

encoded M2 ion channel in the trans-Golgi network triggers NLRP3 activation, formation of the 

inflammasome and cleavage of pro-IL-1β and pro-IL-18; and, finally, high-molecular-weight 

aggregates of the influenza virus virulence protein PB1-F2 stimulates the activation of the 

NLRP3 inflammasome (82,84). 

 

1.2.1.3.      Type I and type III interferons, and interferon-stimulated genes in influenza 

The potent anti-viral state created at the site of influenza virus invasion is largely 

attributable to type I IFNs, such as IFN-α and IFN-β, and type III IFNs also known as interferon 

lambdas (IFN-λ1, IFN-λ2, IFN-λ3, IFN-λ4). Infection of airway epithelial cells with influenza 

viruses induces robust production of type I and type III IFNs (95,96,117). IFN-α and IFN-β 

interact with IFN-α/β receptors (IFNAR), while IFN-λs interact with IFNL receptors (IFNLR) in 

an autocrine or paracrine manner, which both trigger downstream cell signalling pathways 

resulting in the transcription of numerous interferon-stimulated genes (ISGs) (82,95,118). ISGs 

target different steps of influenza virus life cycle. For example, interferon-induced 

transmembrane (IFITM) proteins restrict replication of the influenza A virus by blocking virus-

host cell membrane fusion following viral attachment and endocytosis (119). Similarly, 

cholesterol 25-hydroxylase enzymatic activity converts cholesterol to soluble 25-

hydroxycholesterol, which is involved in antiviral defense by blocking endosomal fusion 

(120,121). Tripartite motif-containing protein (TRIM) 22 blocks viral genome encapsidation and 

degrades nucleoprotein of the influenza virus by polyubiquitination (122). TRIM32 binds to 

influenza PB1 RNA polymerase, reduces the polymerase activity, and thus restricting viral 

replication (123). ISG15 is a ubiquitin-like protein that targets newly translated viral proteins 

(124). Human myxovirus resistance protein 1 (MxA) retains incoming viral RNP in the 

cytoplasm and blocks the amplification of viral RNA from cRNA copies (secondary 

transcription), possibly via cytoplasmic sequestering of newly synthesized NP and PB2 

(125,126). A large number of other ISGs such as protein kinase R, 2’,5’-oligoadenylate (2-5A) 

synthetases, DEAD-Box Helicase 21 (DDX21), cyclophilins A and E, zinc finger antiviral 
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protein, Tu elongation factor, mitochondrial (TUFM), viperin, tetherin also contribute to 

restricting the replication of influenza viruses (82,95,118). 

 

1.2.1.4.      Cells of the innate immune system involved in immunity to influenza 

Airway epithelial cells are the first target of influenza viruses and they rapidly produce 

many inflammatory cytokines and chemokines, such as IL-1β, IL-6, IL-8 TNF-α, CCL2, CCL3, 

and CXCL10 that recruit other immune cells (84,98,117,127–129). Alveolar macrophages, 

neutrophils and monocytes recruited from the bloodstream are critical for limiting the infection. 

Once activated, macrophages enhance their pro-inflammatory cytokine response, including 

production of IFNs, IL-6, and TNF-α. In addition, activated macrophages phagocytose influenza 

virus-infected cells and thus limit viral spread and regulate the developing adaptive immune 

response (130–132). Natural killer (NK) cells are important cytotoxic and effector cells of the 

innate immunity. Cells infected with influenza A virus have HA protein on their surface that is 

recognized by NK cells via their receptors NKp44 and PKp46 leading to lysis of the infected 

cells (133,134).  

 

1.2.1.5.       Programmed cell death as an innate antiviral mechanism 

When the host fails to control influenza virus replication through the innate immune 

mechanisms discussed above, the individual infected cell can still execute a final desperate 

antiviral response via programmed death – apoptosis, necroptosis or pyroptosis (131,135–137). 

Apoptosis is generally considered to be immunologically silent and non-inflammatory, whereas 

pyroptosis and necroptosis are pro-inflammatory modes of programmed cell death (135). 

Apoptosis of influenza virus infected cells is a well-characterised phenomenon. Pathogen sensors 

and ISGs such as RIG-I, MDA5, protein kinase R recognize accumulating viral RNA and 

activate apoptotic machinery that directs the fate of infected cells. The apoptotic cascade results 

in mitochondria membrane permeabilization followed by cytochrome C release, apoptosome 

activation, ATP degradation, and eventually cell death (131,138,139). As the initial trigger of 

this process, the concentration of viral RNA is a critical factor in timing. Indeed, if the viral load 

is high enough, apoptosis can be initiated at the stage of virus entry (118,140,141). The initiation 

of apoptosis in infected cells may also result from upregulation of surface expression of Fas and 

Fas ligand; a death receptor and its ligand (142). Apoptotic cells are rapidly phagocytosed both 
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by neighbouring cells and newly-recruited phagocytes responding to ‘find-me/eat-me’ signals 

(proteins, lipids, and nucleotides, phosphatidylserine surface exposure etc.) released from dying 

infected cells. Apoptosis-dependent phagocytosis by ‘professional’ antigen-presenting cells 

(APCs) such as DCs and macrophages is thought to be an important mechanism for the 

phenomenon of cross-presentation, when the presentation of microbial antigens is performed by 

APCs that are apparently not infected with the corresponding pathogens (143–145). APCs that 

are not infected by influenza virus engulf virus-infected cells undergoing apoptosis, process viral 

proteins, and present viral antigens to induce and activate cytotoxic T lymphocytes. Once 

activated, these cytotoxic T lymphocytes can, in turn, induce further apoptosis of cells infected 

with the same virus. Therefore, the phagocytosis of virus-infected cells is a critical link between 

innate and adaptive immune responses (131,146,147). 

Another form of cell death, necroptosis, or regulated necrosis, can be activated by 

ligation of death receptors and stimulation of death receptor ligand expression under apoptotic 

deficient conditions. Activation of necroptosis requires the kinase activity of RIP1, which 

mediates the activation of RIP3 and MLKL, two critical downstream mediators of necroptosis 

(148). RIPK1 and RIPK3 auto- and transphosphorylate each other, leading to the formation of a 

microfilament-like complex called the necrosome which then activates the pro-necroptotic 

protein MLKL via phosphorylation. Phosphorylated MLKL molecules form a homotrimer, 

which inserts into the bilipid membranes of organelles and the plasma membrane, leading to 

leakage of cellular contents into the extracellular space (149). Replicating influenza A viruses 

appear to be capable of driving assembly of the necrosome and MLKL phosphorylation 

independent of signaling by the RNA-sensing innate immune receptors (RLRs, TLRs, protein 

kinase R) or type I IFNs and TNF-α. Such necroptotic death has been reported in many different 

infected cells including alveolar epithelial cells, fibroblasts, and DCs (150–153). Pyroptosis is a 

highly inflammatory form of programmed cell death and the end result of the NLR-

inflammasome pathway activation. Although inflammasome formation and pro-inflammatory 

cytokine release in influenza-infected cells are well-documented, pyroptosis has not been directly 

reported in the context of influenza virus infection yet (83,135). 

The sections above should make it clear that multiple innate immune mechanisms are 

activated to limit influenza virus infection. These diverse elements combine to form a 

hierarchical defense structure that begins by interfering with the virion binding to host cells, 
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endosomal fusion and release of the viruses into cytosol, their replication and budding the 

progeny virions from infected cells. If these relatively subtle and targeted mechanisms of control 

fail, the infected host cells die through one or another programmed death pathway. Importantly, 

many of these innate immune mechanisms also contribute to the development of effective anti-

viral adaptive immunity. 

 

1.2.2. Adaptive immune responses to influenza virus 

Simultaneous with the initial innate defensive effort, activation of the adaptive immune 

system in initiated. While innate mechanisms are needed to keep us alive in the short term, in 

most instances it is the adaptive response that plays the central role in viral clearance, host 

recovery, and establishment of immunological memory (154–156). The adaptive immune 

response consists of cell-mediated (CD4+ and CD8+ T cells) and humoral (virus-specific 

antibodies) branches (85,98,157). APCs, in the first instance DCs and macrophages, serve as 

bridges between the innate and adaptive immune responses (158–160). 

 

1.2.2.1. Processing and presentation of influenza virus-derived antigens 

APCs can acquire viral antigens in three ways: (i) by being directly infected with the 

influenza virus (161–163), (ii) through phagocytosis of infected neighbouring cells/apoptotic 

bodies (131,164) or (iii) by internalization of non-infectious viral components (e.g. the 

mechanism of most vaccines) (165,166). They then process and present the pathogen-derived 

peptides in the context of major histocompatibility complex (MHC) class I (for CD8+ T cells) or 

MHC class II (for CD4+ T cells) to the naive or memory T cells (167,168). 

 

1.2.2.1.1.    Cell surface attachment factors and entry receptors for influenza viruses 

The form of antigen presentation - MHC I or MHC II-restricted - depends on multiple 

factors, and APC surface receptors serve as the initial sorting mechanism that shifts the balance 

towards one or another antigen processing/presentation pathway (169–171). More than a decade 

ago, mannose receptor (MR) was found to be essential for the MHC I-restricted presentation 

of soluble ovalbumin by mouse DCs and bone marrow-derived macrophages (172,173). The HIV 

gag-p24 protein targeted with a monoclonal antibody to DEC-205 receptor on monocyte-derived 

DCs caused robust proliferation and IFN-γ production by antigen-specific CD8+ T cells (174). 
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The HIV gag-p24 fusion constructs with antibodies against Langerin, DEC-205, and C-Type 

Lectin Domain Family 9 Member A (CLEC9A) greatly enhanced antigen cross-presentation by 

the mouse DCs (175). A number of other receptors on APCs such as macrophage galactose-type 

lectin (MGL) 2, lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1), C-type lectin 

domain family 12 member A (CLEC12A), Dectin-1, DC immunoreceptor (DCIR), CD11c and 

CD40 were shown to facilitate the cross-presentation pathway (176–182).  

Targeting LOX-1 and Dectin-1 on human monocyte-derived DCs resulted in a 

predominantly MHC II-restricted antigen presentation and eliciting CD4+ T cell responses 

(182). Fcγ receptors and DEC-205 facilitated internalization of model antigens by mature bone 

marrow-derived DCs, their processing in MHC II-enriched endosomal compartment and efficient 

presentation to CD4+ T cells in mice (171). TLR5 serves as an endocytic receptor for flagellin 

and facilitates its MHC II-restricted presentation and stimulation of flagellin-specific CD4+ T 

cells (183). Endocytic function of surface lysosome-associated membrane protein-2 (LAMP-2) 

on human monocyte-derived DCs has been reported recently (184). Surface ligation of LAMP-2 

induced rapid internalization of the receptor and its trafficking to the MHC class II peptide-

loading compartment. Despite this, DCs pulsed with antigens conjugated to anti-LAMP-2 

antibody evoked only modest CD4+ T cell proliferation. Instead, antigens internalized with 

LAMP-2 were selectively routed into highly immunogenic exosomes that stimulated robust 

proliferation of CD4+ T cells (184).  

Antigen processing appears to be impacted not only by the type of endocytic receptor, but 

also by the receptor’s targeted domain. Ligand binding to carbohydrate recognition domain of 

DC-SIGN (for dendritic cell-specific intercellular adhesion molecule-3 grabbing non-integrin) 

resulted in a rapid internalization of the ligand-receptor complexes, leading to CD4+ and CD8+ T 

cells responses (185,186). However, targeting the DC-SIGN neck region led to ~1000-fold 

greater antigen cross-presentation compared to ‘free’ antigen (187).  

Thus, engagement of one or another endocytic receptor can influence the MHC 

restriction of an antigen processing/presentation. Expanding our knowledge of these mechanisms 

is essential for understanding the pathogen-elicited immune responses. It may also help to 

develop vaccines with predicted and desirable immunogenic properties.  
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The initial step in the influenza virus interaction with a human being is binding of the HA 

spike to N-acetylneuraminic (sialic) acids on the surface of a respiratory epithelial cell. The 

carbon-2 of the terminal sialic acid can be attached to either the carbon-3 or carbon-6 of 

galactose, forming α-2,3- or α2,6-linkages; these linkages result in unique steric configurations 

of the terminal sialic acids (188). The α-2,6-linkages predominate in human upper respiratory 

tract (nasopharynx, paranasal sinuses, trachea and bronchi), while α-2,3-linkages are more 

common in duck gastrointestinal tract epithelium. Sialic acids with terminal α-2,3-linkages are 

also present in human lower respiratory tract (bronchioles and alveoli) epithelium (189–191). 

Thus, humans can be infected only with difficulty by most avian influenza viruses (i.e. they must 

somehow access the deep respiratory tissues) (23,192,193). Both α2,3- and α2,6-linked sialic 

acids are present in varying densities on human immune cells such as alveolar macrophages, 

peripheral blood monocytes, monocyte-derived macrophages and DCs, creating a widely 

underappreciated variable in the immune responses against different influenza strains and 

vaccines (194–196). 

The HA - sialic acid interaction is based on recognition of the unique amino acid 

sequence of HA but can be greatly impacted by the glycosylation pattern of HA (197). Pre-

treatment of target cells with bacterial sialidases can strip sialic acids from their surface and 

prevent binding of influenza viruses and subsequent infection (198–201). Blocking sialic acid 

residues with proteins engineered based on sialic acid-binding domain from V. cholerae or S. 

pneumoniae sialidases can mask the cell-surface receptor recognized by the influenza virus and 

protected mice from a lethal challenge with 2009 pandemic H1N1 influenza virus (202). 

However, it has been shown that influenza viruses can also infect desialylated mammalian cells 

in some experimental models (189,203). Although Lec1 cells, a mutant CHO cell line deficient 

in terminal N-linked glycosylation, are refractory to infection by several strains of influenza 

virus due to the lack of sialoglycoproteins, surface binding mediated by the normally-expressed 

sialoglycolipids is not impaired (199). Thus, although the influenza HA - sialic acid interaction is 

an important component of the infectious process, sialic acids presence on the surface of target 

cells are not an absolute requirement for virus entry and sialic acid-deficient cells can sometimes 

be infected by alternate mechanisms. These observations led to the hypothesis of a more 

supportive role for sialic acid residues that they serve as attachment factors rather than fully-

featured entry receptors on target cells (204). In other words, sialic acids may help to concentrate 
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influenza virions on the surface but other putative receptors such as transmembrane protein(s) 

are necessary for executing target cell entry by influenza virions. The entry step is essential for 

the infectious process, allowing viral replication and spread. It is not yet known if the sialic acid 

residues are structural components of the entry receptors themselves or act as coreceptors by 

brining influenza virions into close proximity with the entry receptors and facilitating their 

interactions (205). 

Although the specific molecules mediating influenza virus entry into macrophages and 

DCs have not yet been defined, several receptor candidates have been proposed to date. Cell 

entry of influenza viruses binding to 2,6- but not 2,3-linked sialic acids can be mediated by host 

fibronectin in epithelial cells (206). The ability of several influenza strains to infect murine 

alveolar and peritoneal macrophages as well as the macrophage-derived cell line J774 is 

markedly inhibited by mannan, a competitive ligand of mannose receptor (MR), suggesting an 

important role for this receptor in influenza virus binding and/or entry into macrophages (207). 

Influenza viruses directly bind to the carbohydrate recognition domains of MR and MGL in 

Ca2+-dependent manner but independently of sialic acids (208). Multivalent blocking ligands of 

the MR and MGL inhibit the influenza virus infection of macrophages in a manner that 

correlates with expression of these receptors on different macrophage populations (208). In Lec1 

cells that are largely resistant to influenza infection despite abundant expression of sialic acids 

and surface binding of influenza virions (199), transfection with C-type lectin MGL1 enhances 

Ca2+-dependent influenza A virus binding and restores permissivity to infection (209). Sialic 

acid-deficient Lec2 cells, a mutant CHO cell line, are resistant to influenza virus infection; 

however, transfection of Lec2 cells with C-type lectin receptor Langerin restores their 

susceptibility to influenza A virus infection (210). Infection of Langerin-transfected Lec2 cells 

depends on lectin-mediated recognition of the virus, which is inhibited by mannan and 

modulated by the degree of glycosylation of the viral HA (210). Transfection of Lec2 cells with 

either DC-SIGN or L-SIGN make them susceptible to influenza virus infection (211). DC-

SIGN-expressing B-THP-1/DC-SIGN and T-THP-1/DC-SIGN cells show enhanced 

susceptibility to H5N1 virus particles (pseudotyped or generated by reverse-genetics). DC-SIGN 

expression facilitates virus transport to recipient cells via B-THP-1/DC-SIGN and human DCs; 

this action is blocked by anti-DC-SIGN monoclonal antibodies (212). Mutant influenza viruses 

bearing HA that cannot interact with sialic acids can infect mammalian epithelial cells 
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transfected with DC-SIGN in sialic acid-independent manner (200). Sialidase treatment of target 

cells greatly reduces the infection efficiency by a number of influenza viruses bearing fully-

functional HA; however, DC-SIGN transfection restores susceptibility of desialylated cells to 

infection. The infection rates are reduced in the presence of anti-DC-SIGN blocking antibodies 

or mannose. Perhaps most importantly, influenza A viruses infect human DCs in DC-SIGN-

dependent manner (200).  

In summary, a number of C-type lectins and non-lectin proteins have been shown to act 

as fully-featured binding and/or entry receptors for influenza viruses. However, the primary 

influenza receptor(s), if a singular ‘receptor’ exists, remains unidentified. It is of great 

importance to further explore influenza virus entry mechanisms in APCs because these may have 

a major impact on magnitude and diversity of the immune responses against the pathogen and 

because such mechanisms may be ‘targetable’ for anti-influenza drug development. 

 

1.2.2.1.2.      Internalization mechanisms of influenza viruses 

The diversity of viral entry/antigen uptake mechanisms by APCs creates another level of 

cargo sorting that can influence the immune response. DCs and macrophages are ‘professional’ 

phagocytes with exceptionally high phagocytic activity. In addition, these cells internalize 

antigen through macropinocytosis and endocytosis. Further, endocytic pathways can be divided 

into relatively well-characterised clathrin-mediated endocytosis (CME) and the less well-defined 

clathrin-independent endocytosis processes (CIE). Indeed, CIE encompasses a large group of 

endocytic routes that include caveolae-, Arf6-, flotillin-dependent, and several other poorly 

characterized mechanisms. Despite the fact that all of these processes execute intracellular 

delivery of exogenous cargo, they are initiated through the engagement of different receptor 

structures and utilize diverse intracellular networks, which result in distinct antigen processing 

mechanisms and diverse immunologically relevant outcomes (Fig. 1.3) (213,214).  

 

1.2.2.1.2.1.     An overview of the internalization mechanisms that can affect the 

outcome of antigen processing/presentation 

Processing of an exogenous antigen internalized through phagocytosis, macropinocytosis, 

CME and CIE has been shown to facilitate both MHC I- and MHC II-restricted antigen 

presentations (215–217). However, there is a rapidly growing body of evidence suggesting that 
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employment of specific internalization pathways may increase the probability of one or another 

antigen processing and presentation mechanism. Phagocytosis and macropinocytosis often result 

in the uptake of large amounts of the antigenic material that favors its cross-presentation by 

APCs and stimulation of CD8+ T cells (218,219). Caveolae-mediated endocytosis typically 

delivers cargo into non-degradative and non-acidifying endosomal compartment that retain 

antigenic material for prolonged periods, favoring its cross-presentation (220–223). In contrast, 

antigens internalized through CME are most often delivered into rapidly maturing endosomes 

that undergo acidification and lysosomal fusion (218,222–224). Lysosomal enzymes facilitate 

proteolysis of antigenic material and formation of 13-25 amino acid (AA) peptides that are 

optimal for MHC II loading (225). This last endocytic pathway typically results in stimulation of 

CD4+ T cells and support of antibody production (223,226) .  

 

1.2.2.1.2.2.     Diversity of the internalization mechanisms utilized by influenza 

viruses 

Live influenza virus internalization pathways are well-studied in epithelial cells. CME 

has been shown to be the major uptake mechanism for human and avian influenza strains 

(51,227–229). CIE and macropinocytosis also play a role in influenza virus cell entry (230–232). 

Filamentous influenza viruses use macropinocytosis as the primary entry mechanism (49). 

However, little is known about the endocytic routes favored by influenza viruses to enter APCs. 

DC-SIGN, which has been considered as a putative entry receptor for influenza viruses, 

colocalizes with clathrin in immature human DCs, suggesting that CME may play a role in 

influenza virus internalization by these cells (233). Influenza A virus entry in murine RAW 

264.7 macrophages is reduced upon cholesterol depletion, suggesting that CIE contributes to 

virion uptake in this model (234). Further studies are needed to explore the role of the different 

endocytic pathways in the influenza virus – APC interactions and care must be taken to study 

primary human cells rather than murine cells. 

 

1.2.2.1.3.     Endosomal trafficking, processing and presentation of influenza virus 

antigens 

Endosomes play a central role in controlling the re-utilization or degradation of cell 

components such as membrane lipids and membrane-associated receptors, as well as internalized 
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exogenous cargo. Endosomal trafficking regulates many fundamental processes in a living cell, 

including nutrients uptake, adhesion, development, immunity and signaling (235). High 

complexity and diversity of endosomal trafficking machinery support different modalities of 

antigen processing and presentation by APCs (236,237).  

 

1.2.2.1.3.1.      An overview of the endosomal trafficking pathways 

The endosomal pool can generally be divided into three large intracellular compartments: 

early, late and recycling endosomes (Fig. 1.4) (238,239). Early endosomes are defined as a 

highly dynamic first endocytic compartment to accept incoming cargo internalized from the cell 

surface. They are often considered as the major intracellular sorting station from which 

endocytosed cargo can be either recycled back to the cell membrane or targeted for degradation 

in the lysosomes (240–242). Early endosomes form intracellular functional networks due to high 

capacity to undergo homotypic fusion, or to fuse with other components of the endocytic system 

(243). The early endosome milieu is moderately acidified with a pH ∼6.3-6.8 that favors 

dissociation of the ligands from their endocytic receptors and further recycling. At the same time, 

the early endosome lumen is not acidic enough to cause an extensive denaturation and 

degradation of the cargo (240). Within minutes, a substantial portion of cargo accumulated in 

early endosomes recycles back to the plasma membrane, directly or via recycling endosomes in 

the perinuclear region (244). Another group of early endosomes undergo maturation as they 

move towards the perinuclear space where they give rise to the late endosomes that inherit the 

vacuolar domains of the early endosomal network. These maturing endosomes carry a selected 

subset of the endocytosed cargo and lower their intralumenal pH to ~6.0–4.9 en route with newly 

synthetized lysosomal hydrolases (242,245). The fusion of an endosome with a lysosome 

generates a transient hybrid organelle, the endolysosome, in which active degradation takes place 

(246,247). Late endosomes typically contain a number of intraluminal vesicles, adopting the 

morphology of multivesicular bodies (248). These intraluminal vesicles and the proteins and 

lipids associated with them can be either degraded or secreted as exosomes to the extracellular 

environment upon fusion of late endosomes with the plasma membrane (245,249,250). 

A number of proteins that execute key functions of specific endosome types are widely 

used for their morphological characterization and visualization including a group of endocytic 

regulators called Ras-associated binding (Rab) proteins. Rabs are small GTP-binding proteins 
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that cycle between a GTP-bound active state and a GDP-bound inactive state. In their active 

state, Rab proteins localize to intracellular membranes where they can interact with and recruit a 

variety of proteins known as Rab effectors. Rab proteins regulate a wide range of endosomal 

trafficking, maturation, fusion processes, and serve as hallmarks of distinct endosomal pools. 

More than 60 Rab proteins have been characterized to date (240,251,252).  

Rab5 is the most extensively studied protein of the early endocytic pathway and is often 

targeted for phenotypical or functional characterization of early endosomes. Rab5 regulates entry 

of the cargo from the plasma membrane to the early endosomes, controls the lipid composition of 

early endosomes, their homotypic fusion and the motility of early endosomes on actin and 

microtubules tracks. Rab5 follows early endosomes through the various stages of their 

maturation and serves as the main regulator of the conversion to late endosomes (235,252). Early 

endosomal antigen-1 (EEA1) is a well-characterized effector of Rab5 that controls membrane 

docking/fusion, and is another widely-used marker for early endosomes (252,253).  

In the course of endosome maturation, replacement of Rab5 by Rab7 occurs, a process 

called Rab conversion (254). Rab conversion is an essential step in late endosomes formation 

and in the transport of cargo to lysosomes. As the result of repetitive endosomal fusion and 

fission events, endocytosed cargo in early endosomes becomes concentrated in fewer and larger 

endosomes, which progressively move to the perinuclear region. During this movement, the 

levels of Rab5 peak, and then the complete loss of Rab5 and its replacement with Rab7 occurs. 

Thus, conversion of Rab5 to Rab7 designates the transition of cargo from early to late 

endosomes (245,252). Importantly, Rab5 and Rab7 proteins can sometimes be co-expressed on 

the same endosomal vesicles. These ‘double positive’ endosomes comprise about 14% of the 

early endosomal pool and identify a subset that undergoes rapid maturation. Stimulation of cell 

endocytic machinery can lead to a further increase in the number of Rab5+Rab7+ endosomes up 

to 35% (224). However, a large portion of early endosomes remains Rab5+Rab7─, therefore 

representing the pool of slowly maturing early endosomes (224). With further maturation, late 

endosomes acquire lysosomal-associated membrane protein 1 (LAMP-1), another marker 

commonly used for characterization of the end-stage degradative endosomal route. At steady 

stage, LAMP-1 is presented on late endosomes, lysosomes and endolysosomes (245). However, 

LAMP-1 can also be found at low levels at the plasma membrane and even detected in the early 

endocytic compartment (255).  



21 
 

Recycling endosomes form another highly heterogeneous intracellular compartment. 

Rapidly recycling endosomes bear Rab4 marker, whereas slowly recycling vesicles are 

characterized by Rab11 expression (244). Diverse recycling endosome subtypes can also be 

distinguished based on Rab35, Arf6 or transferrin receptors presence (256).  

Functionally, non-acidified early and/or recycling endosomes bearing the markers Rab5, 

Rab14, Rab3b/3c, EEA1 and enriched with MHC class I molecules serve as a cross-presentation 

compartment favoring antigen processing for MHC I-restricted presentation (223,257,258). As 

noted above, these endosomal markers are of great use in characterizing the various intracellular 

vesicles that arise from different forms of endocytosis, macropinocytosis and phagocytosis by 

APCs (235,251,252). 

 

1.2.2.1.3.2.      Endocytic mechanisms of MHC II-restricted antigen presentation 

MHC II molecules are expressed on immune cells such as B cells, monocytes, 

macrophages, and DCs, and on epithelial cells following inflammatory signals (237). MHC II-

restricted antigen presentation is primarily based on processing within endosomes (223) where 

acidification followed by fusion with lysosomes favor for MHC II-restricted antigen presentation 

(Fig. 1.5) (226). Such antigens can be acquired from the extracellular environment or imported 

from the nucleo-cytosolic space (259). Captured antigens in the endosomal route are degraded by 

proteases and loaded onto MHC II molecules for cell surface display. The peptides produced are 

of variable length but are typically longer than those suitable for the MHC I-restricted 

presentation: usually 13-25 AA-long due to the open configuration of the MHC II binding 

groove (225). MHC II is composed of two chains – α-chain and β-chain that are already fully 

assembled in the ER. However, they capture peptides only after arriving at the endocytic 

pathway. Premature peptide loading is prevented by the invariant chain (Ii) that blocks the 

binding groove with its domain called CLIP (for class-II-associated invariant chain peptide) 

(225,260). In late endosomes/endolysosomes Ii is degraded by proteases, except the CLIP 

segment that is protected due to its binding to MHC II. CLIP is subsequently exchanged for a 

higher affinity antigenic peptide; a process that is controlled by two chaperones – DM (HLA-DM 

in humans) and DO (HLA-DO in humans) (237). The peptide-loaded MHC II molecules move to 

the plasma membrane either via vesicular transport or in the form of tubules. Antigenic peptide-

loaded MHC II molecules on dendritic cells present antigen to naïve CD4+ T cells and later, the 
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same MHC II-peptide complexes can participate in interaction of B cells and APCs with these 

peptide-specific CD4+ effector T cells (261). Thus, the MHC II – antigenic peptide interaction is 

a tightly regulated process that results primarily in activation of CD4+ T cells. Most of these 

CD4+ T cells are considered to be ‘helpers’ that, once activated, promote B cell differentiation 

and antibody production, as well as CD8+ T cell responses. In addition, activated CD4+ T cells 

secrete a wide variety of cytokines and chemokines, depending on their T helper phenotype, 

which vary widely in physiologic actions; from differentiation and activation to suppression of 

other immune cells (225,262,263). 

 

1.2.2.1.3.3.     Mechanisms of MHC I-restricted antigen presentation 

MHC class I molecules are found on the surface of all nucleated cells. They are 

heterodimers that consist of two non-covalently linked polypeptides, the α chain and β2-

microglobulin. The α chain has three domains, α1, α2, and α3. The first two constitute the 

peptide-binding groove, whereas the α3 domain mediates the interaction with β2-microglobulin 

(264). The primary function of peptide-loaded MHC I is priming and activation of antigen-

specific CD8+ T cells that monitor all cells of the body, ready to destroy any that constitute a 

threat to the integrity of the host. Thus, cytotoxic T cells (CTL) kill infected cells, preventing 

them from supporting viral replication. These CTL also eliminate spontaneous tumors as a result 

of their ability to detect quantitative and qualitative antigenic differences in transformed cells 

(265,266). In this respect, the MHC I-associated peptides can originate either from degradation 

of endogenous/host proteins or from newly-synthesized virus-derived proteins/peptides that have 

exploited the host cells translation machinery. This process is termed ‘classic’, or ‘direct’ 

presentation (Fig. 1.6). Another source of the MHC I-associated peptides is degradation of 

internalized exogenous proteins; a process called cross-presentation (144,260,267).  

 

1.2.2.1.3.4.      Cross-presentation of exogenous antigens 

Antigen cross-presentation occurs primarily in specialized APCs and mostly by DCs 

(264). However, with appropriate stimulation, macrophages are also able to cross-present 

endocytosed antigens (268–270). The two major pathways of the cross-presentation are 

endosomal and cytosolic (Fig. 1.7) (264). Endosomal cross-presentation involves the uptake of 

protein that is directly degraded in endosomal compartment in a manner independent of 
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proteasomal degradation and transporter associated with antigen processing (TAP)-mediated 

transport (220). Antigen delivery and retention in non-acidified endosomal compartments 

facilitates its cleavage by proteases that work best at neutral pH (e.g. Cathepsin S) and trimming 

by endosomal insulin-regulated aminopeptidase (IRAP). These processes generate high affinity 

peptides for MHC I loading (271,272). These peptides are typically 8-11 AA due to closed 

configuration of the MHC I peptide binding groove (218); under some circumstances however, 

longer peptides can also bind to MHC I with high affinity (273,274). In general, endosomal 

processing produces longer peptides compared to the cytosolic mechanism (275). The peptide – 

MHC I interaction is a dynamic process in which peptides reversibly bind to and dissociate from 

MHC I and are further trimmed by IRAP until a high affinity peptide – MHC I interaction is 

achieved (260). Indeed, optimal binding of antigenic peptides on MHC I is an elaborate process 

that requires the coordinated function of several proteins forming the peptide-loading complex: 

TAP, tapasin, calreticulin, protein disulfide isomerase Erp57 and the empty MHC I molecules 

awaiting peptides (264). The peptide-loading complex can be delivered to endosomes by 

vesicular traffic from the ER-Golgi intermediate compartment through the interaction of Sec22b 

protein with syntaxin-4 presented on endosomes and phagosomes (276). Thus, MHC I loading 

with antigenic peptides can be fully executed within the endosome. Acidification of the 

endosomal milieu impairs cross-presentation, probably due to dissociation of the newly formed 

peptide-MHC I complexes or by shifting the pH away from the optimal for endosomal 

proteolysis (220). It is interesting that the oxidative burst in phagocytic cells serves as 

mechanism that helps to prevent endosomal acidification. Reactive oxygen species can trap 

protons, providing alkalization of the endosomal milieu (277,278).  

In the cytosolic cross-presentation pathway, exogenous antigens are released from the 

endosomes into the cytosol by the endosomal Sec61 transporter (279). Once in the cytosol, they 

undergo further degradation by proteasomes and cytosolic aminopeptidases, and the resultant 

peptides are delivered into ER for trimming by endoplasmic reticulum aminopeptidases ERAP1 

and ERAP2 and optimal loading onto MHC I (280). Peptide – MHC I interactions in ER are 

facilitated by the peptide-loading complex, similar to the process that occurs in endosomes 

(218,225,264). Reactive oxygen species can also induce leakage of antigens from endosomes 

into the cytosol as a result of the endosomal lipid peroxidation and disruption of endosomal 

membranes (281).  
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Sensing of PAMPs by pathogen recognition receptors in APCs facilitates the cross-

presentation mechanisms described above. In particular, RIG-I ligands have been shown to 

stimulate antigen cross-presentation in vivo in a MAVS and type I IFN-dependent manner (282). 

RIG-I signaling interacts with the stimulator of interferon genes (STING) pathway that generally 

triggers antiviral responses to DNA viruses (283). The STING signaling pathway is strongly 

linked to cytosolic cross-presentation mechanisms, and STING ligands are considered to be 

promising candidate adjuvants for antiviral and cancer vaccines (284). Importantly, STING 

signaling can also be activated in epithelial cells, macrophages and DCs by fusion of enveloped 

viruses with either cytoplasmic or endosomal membranes leading to the triggering of a strong 

type I IFN response (285,286). Stimulation of TLR4 causes spatial re-distribution of lysosomes 

into a dense perinuclear cluster, delaying their fusion with phagosomes. In the absence of 

lysosomal proteases in phagosomal milieu, excessive degradation of internalized antigen is 

prevented, favoring its cross-presentation (287). TLR4 stimulation also leads to routing of 

Rab11a+ recycling endosomes, which are the major intracellular reserve of MHC I. Subsequent 

phagosome fusion with recycling endosomes brings the MHC I molecules for loading with 

phagocytosed antigen-derived peptides (288). TLR4- and MyD88–dependent relocation of TAP 

to early endosomes also supports endosomal loading of antigenic peptides on MHC I (289). 

Finally, recruitment of the Sec61 translocon to endosomes depends on TLR signaling via TIR-

domain-containing adapter-inducing interferon-β (TRIF) and supports endosome-to-cytosol 

release of an antigen and favors its proteasomal degradation and cross-presentation via the 

cytosolic pathway (279). Thus, many different innate sensors have been shown to support both 

the endosomal and cytosolic cross-presentation pathways. 

 

1.2.2.1.3.5.     Endosomal trafficking of influenza viruses 

Endosomal trafficking of influenza viruses has been well-studied in epithelial cell 

models. For example, Lakadamyali and colleagues labeled influenza virions with the lyophilic 

fluorescent dye 1,1-dioctadecyl-3,3,3,3-tetramethylindodicarbocyanine (DiD) which allowed 

visualization of the virus-bearing endosomal compartment of CHO cells (290). Endosomes 

containing the fluorescent particles first moved slowly in the cell periphery, then adopted a rapid 

and unidirectional movement towards the nucleus, followed by intermittent, often bidirectional 

movement in the perinuclear region. DiD fluorescence dequenching suggested that endosomal 
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acidification was followed by fusion with the viral envelope in the perinuclear area (290). 

Sieczkarski et al. showed that the influenza virus infectious process required functional Rab5 and 

Rab7 proteins expressed in HeLa cells and that viral NP colocalized with the early endosome 

marker EEA1 in the cell periphery approximately 5-15 min post-infection and with the late 

endosomal marker CD63/LAMP3 in the perinuclear region 35-45 min post-infection (291). 

These observations suggest that influenza viruses move through the early-to-late endosomal 

maturation and acidification pathway; exploiting it for release of the viral genome into the 

cytosol.  

Endosomal acidification is essential for influenza genome release into the cytosol and 

productive viral replication (292). Influenza HA mediates fusion of the virion’s lipid envelope 

with endosomal membrane. The merging of two membranes is a thermodynamically favored 

process but has a high kinetic barrier. The energy to overcome this barrier is provided by the 

‘spring-loaded’ mechanism of HA conformational change (193). In brief, HA on the surface of 

influenza virions is presented in a non-cleaved HA0 form. Upon internalization and endosomal 

handling, HA0 undergoes cleavage by the cellular proteases, yielding HA1 (the receptor-binding 

subunit) and HA2 (the fusion subunit) that remain disulfide-linked. Endosome acidification to 

pH between 5.0 and 6.0 triggers conformational change in HA resulting in the insertion of HA2 

subunit’s fusion peptide into the target membrane and envelope-membrane fusion. In addition, 

the proton flux driving acidification also enter the virion core via the M2 ion channel where they 

cause detachment of the M1 layer from the nucleocapsid, making the envelope more malleable 

and easy to fuse. Membrane fusion results in formation of a fusion pore and release and transport 

of the viral genome into the nucleus, leading to the viral RNA replication and subsequent 

assembly of new progeny viruses (53,293,294).  

Macrophages and DCs generally support the influenza virus replication, although special 

conditions may be required for this to occur (138,295,296). Endosomal trafficking of influenza 

virions has been characterized in human monocyte-derived DCs. The virus particles visualized 

by NP immunostaining are associated with early endosomes expressing EEA1 at 5 min post 

infection. Peak association with the late endosomal marker LAMP1 occurs at 15 min post 

infection, and at 30 min of infection most of the NP signal was observed in the nucleus (297). 

Thus, in this APC model, the influenza viruses moved from early to late endosomes, and 



26 
 

endosomal maturation facilitated viral RNA release into the cytosol and transportation into the 

nucleus.  

In summary, influenza viruses remain major human pathogens. Understanding the 

infectious process, and particularly virus interactions with the immune cells, is critically 

important for disease prevention and treatment. Although a good deal is known, the nature of 

influenza receptors, mechanisms of cell entry in APCs, as well as the viral antigens processing 

and presentation still require further research in order to develop more effective vaccines and 

novel therapeutics that will help to reduce the influenza burden. 

 

1.2.2.2. Effector mechanisms of adaptive immunity against influenza 

Efficient viral clearance requires the activation, rapid proliferation, recruitment, and 

expression of effector activities by multiple cellular elements of the adaptive immune system. 

Humoral immunity is mediated by production of antibodies against different influenza antigens, 

among which the HA-specific antibodies play a major role in virus neutralization and prevention 

of the illness. Cell-mediated immunity, including CD4+ helper T cells and CD8+ cytotoxic T 

cells, are the other arms of adaptive immunity induced upon influenza virus infection 

(85,98,298).  

 

1.2.2.2.1. Cytotoxic CD8+ T cell-mediated immunity against influenza 

Cytotoxicity mediated by influenza-specific CD8+ T cells is the primary mechanism for 

elimination of infected cells. Although pre-existing CD8+ T cell-mediated immunity cannot itself 

prevent infection (i.e. no ‘sterile immunity’), this cell population is nonetheless a major 

contributor to influenza virus elimination and host recovery, leading to a milder disease (299). 

Among individuals found to have low or absent neutralizing antibodies against the pdmH1N1 

strain in 2009-10, those with pre-existing T cells that recognized conserved CD8 influenza 

epitopes developed less severe illness. The total symptom scores in these individuals were most 

the strongly (inversely) correlated with the frequency of IFN-γ+ IL-2− CD8+ T cells (300). The 

importance of CD8+ T-cells for protection against severe influenza caused by emerging strains 

has also been demonstrated with the avian A/H7N9 influenza virus that causes high hospital 

admission rates (>99%) and mortality (>30%) (301). Patients who are discharged from hospital 

within 2-3 weeks have early and prominent H7N9-specific CD8+ T cells producing IFN-γ, while 
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individuals with prolonged hospital stays (recovery by week 4) had slower CD8+ T cell 

responses. Those who succumbed had minimal influenza-specific immunity and little evidence 

of T-cell activation. In contrast, the anti-H7N9 antibody titers did not differ between groups 

(301). 

The longevity of CD8+ T cell immunological memory is another important aspect to 

consider (302). Most adults have been exposed to several influenza viruses by the age of 15 

(303). Healthy human lung tissue contains a population of CD8+ resident memory T cells that are 

highly proliferative and whose progeny are polyfunctional. These cells maintain the diversity of 

T cell receptors over time with no indication of clonal skewing or receptor repertoire narrowing. 

The size of the influenza-specific CD8+ T cell population persisting in the lung directly 

correlates with the efficiency of differentiation into resident memory T cells (304). However, not 

all individuals are able to rapidly elicit an influenza-specific cytotoxic T cell response and 

control the disease following subsequent re-infection (299). It has been estimated that more than 

100 IFN-γ-secreting cells/106 peripheral blood mononuclear cells are needed to provide 

protection against clinical influenza in children (305). This threshold means that the maintenance 

of a ‘deep’ T cell memory pool is necessary to achieve its rapid expansion and protection against 

the disease. In mice, influenza-specific CD8+ T cells can persist for life-time when the animals 

are primed as early as at 6 weeks of age (306). The persistence of influenza-specific memory 

CD8+ T cells can be detected for at least 13 years in humans; however sub-clinical influenza 

infections are likely to contribute to the maintenance of the memory pool (307). These 

observations suggest that periodic boosting through vaccination has the potential to reinforce the 

influenza-specific CD8+ T cell memory pool. A vaccine that can do this might be of particular 

benefit in the elderly (299). 

The CD8+ T cell response against influenza viruses is largely directed towards the 

internal proteins that are highly conserved across strains. As a result, these CTL have the 

potential to be cross-protective, possibly even providing benefit against pandemic strains. 

Eliciting such a response is an attractive strategy in the development of a universal influenza 

vaccine (299,308,309). According to the Immune Epitope Database (IEDB) (310), most of the 

human CD8+ T cell epitopes originate from the influenza NP, PB1 and M1 proteins (311). 

However, contributions of the surface proteins HA, NA and extracellular domain of M2 (eM2) to 

the cell-mediated protection should not be underestimated. Human monocyte-derived DCs 
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pulsed ex vivo with the virus-like particles (VLPs) containing HA, NA and M1 proteins and co-

cultured with autologous CD8+ T cells stimulated proliferation and cytokine production by these 

T cells in dose-dependent manner (312). In a murine challenge model, intranasal vaccination 

with VLPs containing HA and M1 proteins led to an increase in HA-specific CD8+ T cells in the 

lungs and protection from subsequent homologous infection. CD8+ T cell depletion resulted in a 

substantial reduction of the VLP-induced protection. Moreover, the HA/M1-VLP immunization 

provided partial protection from a high-dose, heterosubtypic challenge that was attributable to 

the anti-HA CD8+ T cells (313). Mice immunized with ovalbumin adjuvanted with a STING 

agonist that induced antigen cross-presentation were protected from a challenge with a 

recombinant H1N1 influenza PR8 strain expressing the MHC I-restricted SIINFEKL ovalbumin 

peptide integrated into HA (284). This elegant experiment not only demonstrated the importance 

of antigen cross-presentation and cell-mediated immunity in the protection against influenza but 

also revealed the potential contribution of the MHC I-restricted sequences within the HA protein. 

Among the total of 272 human MHC I-restricted CD8+ T cell influenza A epitopes listed in the 

IEDB to date (310), 17 peptides (6.25%) are HA-derived, suggesting that HA has the potential to 

elicit at least some degree of CTL immunity in humans. Importantly, the average length of these 

peptides is 12.6 amino acids, and 6 of them (35%) are longer than 11 AA that are typically 

successfully accommodated by MHC I (218). 

Although there is considerable interest in developing a CD8+ T cell influenza vaccine, a 

great deal remains to be learned about the human influenza-specific CD8+ T cell response. 

Further studies are needed to identify and characterize the novel immunogenic CD8+ T cell 

epitopes across a range of influenza antigens, and to understand the CD8+ T cell longevity and 

functionality in order to rationally design the vaccination strategies that optimally balance the 

CD8+ T cell response with other T cell populations and antibody production. 

 

1.2.2.2.2. The role of CD4+ T cells in providing protection against influenza 

CD4+ T cells play a central role in immune responses to viral infections through the 

multiple effector mechanisms, as well as acting in a regulatory role to maintain homeostasis. For 

example, a subset of CD4+ T cells can act as cytotoxic, CTL-like effectors in influenza infection 

(314). These cells require type I IFNs and IL-2 as well as STAT5 phosphorylation and 

homodimerization to upregulate the expression of perforin and granzyme B in response to 
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influenza virus infection (315,316). The Homolog of Blimp-1 in T cells (Hobit) transcriptional 

factor characterises cytotoxic CD4+ T cells that display constitutive expression of granzyme B 

and perforin at the protein level and mediate MHC class II-dependent killing of target cells 

(317). Live cytotoxic CD4+ T cells can be sorted based on the surface expression of CRTAM 

(class I-restricted T cell-associated molecule) and the NK cell marker NKG2C/E (318,319). 

Cytolytic CD4+ T cells are abundantly present in the lungs during influenza infection (314,318), 

and have been proposed as a correlate of protection based on human challenge studies (320). 

CD4+ T cells also play an indirect cytotoxic role by providing support for CD8+ T cells 

(321). CD4+ T cells activated in response to the influenza A virus infection are the major source 

of CD154 (CD40 ligand) signaling, and therefore ensure efficient programming of robust 

effector and memory virus-specific CD8+ cytotoxic T cell responses (322). In addition, CD4+ T 

cells from influenza infected mice provide a licensing signal to DCs that results in a greater 

recall capacity of influenza-specific CD4+ and CD8+ T memory responses after heterologous 

influenza A virus challenge (323). 

The ability of CD4+ T cells to facilitate antibody responses is generally acknowledged 

(324). The interactions between CD4+ T cells and B cells promote both rapid extrafollicular 

antibody production as well as the later-evolving germinal center response that drives 

immunoglobulin affinity maturation and long-lived B cell immunity against influenza (325). 

Follicular helper T cells efficiently induce memory B cells, but not naïve B cells, to differentiate 

into plasma cells that produce influenza-specific antibodies ex vivo (326). The number of 

follicular helper T cells in peripheral blood rapidly increases after vaccination, and correlates 

strongly with the increase in the avidity of anti-influenza antibodies, particularly in subjects who 

do not have high affinity antibodies at baseline (327). 

Finally, influenza-specific CD4+ T cells have regulatory and repair function (85,328). 

Influenza A virus infection triggers a robust Foxp3+CD4+ regulatory T cell (Treg) response that 

paradoxically precedes other effector T cell responses in lungs. The suppressive function of 

Tregs against antigen-specific CD4+ and CD8+ T cell proliferation and cytokine production 

correlates with their ability to respond to influenza virus antigens, suggesting that virus-induced 

Tregs are capable of attenuating the effector immune responses in antigen-dependent manner 

(329). The precise role of this early CD4+ Treg response is not yet fully understood but it may 

help to diminish the inflammatory lung damage that can occur during influenza infection. 
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1.2.2.2.3. Humoral immune response against influenza 

The humoral immune response results in production of antibodies targeting different 

influenza antigens. These antibodies can be classified into two broad groups: neutralizing and 

non-neutralizing. Non-neutralizing antibodies comprise the greatest part of the antibody pool 

generated after the disease or vaccination, but only a small fraction of these antibodies have 

clearly defined functional attributes (330). Neutralizing antibodies against the HA globular head 

interfere with the sialic acid-dependent binding of the virus to the surface of target cells. At high 

titres, these antibodies alone can prevent the illness (i.e. provide ‘sterile’ immunity). However, 

the host’s humoral response exerts strong selective pressure on the HA, focused principally on 

the highly exposed globular head, giving rise to the antigenic diversity of this protein. Thus, 

influenza HA is both immunodominant and highly variable. Mutations in the HA gene are 

largely responsible for escape of influenza viruses from the pre-existing immunity mediated by 

neutralizing antibodies (157,331).  

In contrast to the HA globular head, the stalk domain displays a much higher level of 

conservation across influenza strains and therefore has the potential to confer broad protection 

against different influenza strains (332–334). Antibodies against the HA stalk region restrict the 

pH-dependent conformational changes required for the viral fusion. Thus, anti-stalk antibodies 

are also functional, and can prevent viral genome release into the cytoplasm of the host cell.  

Influenza NA is another target for humoral immunity. Although antibodies against NA 

are not neutralizing, they can slow virus replication and reduce the viral load in tissues, leading 

to fewer days of the illness, less severe symptoms, and reduced viral shedding (335). Natural 

influenza infection also elicits a wide range of non-neutralizing antibodies directed against M1, 

M2, and NP proteins. Such antibodies can promote Fc-mediated viral clearance with the help of 

Fc receptors on phagocytic cells and natural killer cells. These antibodies can also drive 

antibody-dependent cell-mediated cytotoxicity (ADCC) (336). Finally, the complement system 

can also use these antibodies to clear virus in a process called complement-dependent 

cytotoxicity (337).  

The primary point of entrance for influenza is the respiratory mucosa. Although far less is 

known about the role of mucosal antibody production in influenza, local production of IgA and, 

to some extent, IgM may act in respiratory tissues and fluids to neutralize influenza viruses as 

they first enter the body (157). 
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Only pre-existing neutralizing antibodies can confer sterile immunity by blocking 

influenza virus binding and entry into the host cells. Scientists are evaluating a number of 

strategies to develop an antibody-based universal influenza vaccine that will elicit broadly 

neutralizing antibodies against influenza HA globular head or antibodies targeting conserved 

regions of HA stalk, as well as other influenza proteins. The overall aim of this research effort is 

to provide cross-reactive and durable protection, and avoid the complexities and inevitable errors 

associated with the current strategy of annual vaccination with ever-changing vaccine 

formulations (330,331,333).  

 

1.3. INFLUENZA VACCINES 

Vaccines are the best tools available for preventing influenza (1). However, the 

protection provided by the currently marketed seasonal influenza vaccines is far from perfect. 

Vaccine effectiveness is highly variable, with an average of 50–60% estimated protection when 

the vaccine is well-matched to circulating viruses, but with substantially reduced effectiveness 

when there is a mis-match between the vaccine and circulating strains. Furthermore, these 

vaccines work less well in populations that are at highest risk from influenza such as 

immunocompromised patients, elderly, and unprimed young children (338–341). To maintain 

even this moderate effectiveness, the composition of seasonal influenza vaccines must be 

reviewed and updated regularly to include the HA and NA antigens expressed by circulating 

influenza viruses (340,342,343). Current vaccines depend almost exclusively on the presence of 

HA for efficacy (342). The primary mechanism of action of seasonal influenza vaccines is the 

production of anti-HA antibodies that (as outlined above) can inhibit virus attachment to target 

cell receptors or fusion of viral envelope with endosomal membrane and thereby limit virus 

infectivity (331,344,345). At present, commercially available influenza vaccines are either 

trivalent or quadrivalent formulations that target an H1N1 strain, an H3N2 strain and either one 

or two influenza B strains belonging to evolutionarily diverging the Yamagata and Victoria 

lineages (344,346,347). 

 

1.3.1.     Overview of the current influenza vaccine landscape  

Currently, the most widely used products are either inactivated influenza vaccines (IIV) 

or live attenuated influenza vaccines (LAIV) (348–350). Different formulations of IIV are used 
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for parenteral administration: whole virion, split virion and subunit vaccines. The inactivated 

whole virion vaccines were the first ones introduced but they caused high levels of local and 

systemic adverse reactions and were abandoned when less-reactogenic split vaccines entered the 

market (351,352). Split vaccines are created by disrupting influenza virus particles with diethyl 

ether or detergent treatments. While split vaccines still theoretically contain all the viral 

components, the original viral particulate organization and the viral RNA are lost, as is some of 

the inherent immunogenicity of the virus. The only viral protein that is quantified in these 

vaccines is the HA. Subunit vaccines are generated by purifying HA and NA proteins from 

solution after diethyl ether or detergent splitting (353,354). Although these formulations are 

better purified they tend to be less immunogenic, and the addition of an adjuvant is sometimes 

required to reach an adequate anti-HA response, particularly in the elderly (355–357). The 

primary mechanism of action for IIVs is production of anti-HA antibodies, whereas cell-

mediated immune responses are typically weak or undetectable (358–360). 

An alternative to inactivated formulations is the LAIV produced by ‘inserting’ gene 

segments encoding the desired HA and NA glycoproteins into an otherwise cold adapted 

(attenuated) strain (342,354,361). Cold-adaptation is a process of developing live attenuated 

(weakened) virus that grows best at temperatures well below those of the human lower 

respiratory tract (37°C). The cold-adapted viruses are grown in eggs incubated at 25°C (362–

364). These mutant viruses grow quite well in the nasopharynx of humans but will not grow 

lower down in the respiratory tract. The LAIV induces both antibodies and cell-mediated 

immunity (as measured by an IFN ELISpot assay). Intranasal delivery of LAIV mimics the 

natural route of influenza infection, resulting in both systemic and localized mucosal immune 

response at the site of administration (360,365,366). In addition, LAIV is easy to administer and 

has better acceptance in the pediatric population (367,368). However, because the LAIV vaccine 

viruses needs to replicate in the host to elicit an immune response, this vaccine does not work in 

older people with pre-existing immunity (369). 

The first recombinant protein vaccine (Flublok™ manufactured by Protein Sciences 

Corporation) was approved in the United States in 2013 (370). Flublok is based exclusively on 

the HA proteins of the targeted virus strains but is not yet available in Canada (371). 
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1.3.2.    Serological tests used for evaluation of the influenza vaccine efficacy  

Although vaccine efficacy is generally expressed as a proportionate reduction in disease 

attack rate between the unvaccinated and vaccinated groups in clinical trial settings (372), 

regulatory assessment of influenza vaccines is often based on a serologic correlate of protection 

from a limited number of vaccinated individuals (373–375). For decades, the primary goal of 

vaccination against influenza was the induction of functional antibodies (330).  

The hemagglutination inhibition assay (HAI) is the most widely used test for detection of 

functional antibodies to influenza viruses that can prevent the interactions between influenza 

viruses and target cells (374). This assay relies on the ability of HA on the surface of influenza 

virion to bind to sialic acids on the surface of red blood cells (RBCs), causing their agglutination. 

If a serum sample contains antibodies that block viral attachment, the virus – RBC interaction is 

inhibited. To perform the HAI assay, a standardized quantity of viral antigen – usually 

inactivated influenza virions – is mixed with serial dilutions of test serum. Then, RBCs are 

added, and if the anti-HA antibodies interact with the virions and prevent their binding to RBCs 

(i.e. hemagglutination), the inhibition of hemagglutination occurs. The highest dilution of serum 

that prevents hemagglutination is considered to be the HAI titer (376–378). An HAI titer of 

≥1:40 is thought to be associated with a 50% reduction in the risk of illness (379). 

Microneutralization (MN) is the second ‘classic’ assay used for detecting strain-specific 

functional antibodies that inhibit virus entry or otherwise block virus replication in infection-

permissive cells (373,374,376). Live viruses are used in MN assay. Serially diluted sera are 

preincubated with a standardized viral inoculum prior to adding the serum-virus mixture to a 

Madin-Darby canine kidney (MDCK) cell monolayer. The presence of infectious virus is usually 

detected by cytopathic effect on the monolayers on days 3 to 7. The absence of cytopathic effect 

constitutes a positive neutralization reaction and indicates the presence of virus-specific 

neutralizing antibodies in the serum sample. The assay read-out is typically the reciprocal of the 

highest serum dilution that reduces the number of input viral plaques by 50% (377,378). 

The single radial haemolysis (SRH) assay is based on immunodiffusion of antibodies in 

agarose gel containing complement and influenza virus bound to RBCs. This method quantifies 

antibodies that can drive complement-mediated lysis of the RBC and the readout is the area of 

hemolysis. The SRH area of 25 mm2 or greater is considered as a 50% protective titer 

(374,376,380).  
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Although HAI, MN and SRH assays are widely used both for licensure of vaccines and in 

epidemiological studies, they all have limitations. Reproducibility of the assays between 

laboratories is often poor. The titers reported for identical specimens by different laboratories can 

vary as much as 80-fold for HAI and 128-fold for MN (381). This variability most probably 

results from differences in the biological reagents needed, as well as the assay protocols, 

personnel training and other factors that are hard to identify and address (375,382). Some 

individuals with documented high HAI titers are not protected from influenza, suggesting that 

the HAI titer should not be used as a stand-alone correlate of protection; at least not for 

individuals (383). Finally, conventional serological assays are not suitable for evaluation of 

protection mechanisms such as mucosal immunity, ADCC or complement-dependent cellular 

cytotoxicity, and T cell immunity that all likely play important roles in recovery from infection 

and long-term memory (373,375). 

 

1.3.3.    Limitations of the current influenza vaccine production platforms 

Both IIV and LAIV vaccines typically require propagation of infectious influenza virus in 

hens’ eggs as part of the production cycle. These production methods are labor intensive and 

time-consuming and depend upon the availability of embryonated eggs (309,384,385). Although 

yields can be very low for some strains (385,386), each egg typically yields enough antigen for 

8-10 doses (per strain) so 4-5 eggs are required to produce ~10 dose of a quadrivalent vaccine 

(385,387). The production cycle can take 6-9 months from selection of the vaccine components 

through delivery of vaccine to the population, due to the many steps in this process (345,385). 

The IIVs are slightly more complicated to produce than LAIV since they must be inactivated 

prior to vaccination (353,354).  

Influenza wild-type strains need to be optimized for growth in eggs, which involves 

recombination with high-yield laboratory strains. Mutations in the egg-adapted reassortant strain 

can contribute to a mismatch between the vaccine strain and the circulating influenza strain 

(388,389).  

Decreasing dependence on egg-based influenza propagation is a crucial step towards 

increasing global influenza vaccine production capacity (309,384,385). Flucelvax, an inactivated 

trivalent vaccine produced in cell culture by Novartis Vaccines and Diagnostics, Inc. was 
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approved in the United States in 2012 (390). Flucelvax is not available in Canada up to now 

(371). 

 

1.3.4.    Approaches to overcome the limitations of currently available influenza vaccines 

The limitations of influenza vaccines have recently been addressed with a number of 

strategies. Poor effectiveness can theoretically be improved by broadening their antigenic 

spectrum by adding an additional B strain to produce a quadrivalent vaccine (QIV) 

(347,391,392). The introduction of QIVs (including LAIV) resulted in substantial health 

benefits; reducing the number of influenza cases, their complications and mortality (393,394). 

Another approach to increase the vaccine immunogenicity, especially in the vulnerable 

populations, is increasing the antigen dose. The available high-dose vaccines have four times the 

amount of HA included in standard influenza vaccines (e.g. Fluzone High-Dose with 60 µg per 

antigen strain vs. standard IIV with 15 µg per strain) (395). The high dose vaccines provide 

improved protection against laboratory-confirmed influenza illness among adults 65 years of age 

or older, irrespective of age, presence of comorbidities, or frailty-associated conditions 

(396,397). Also, administration of the high dose vaccines lead to significant reduction in 

influenza-related hospital admissions compared to the standard-dose vaccine recipients (339). 

The immunogenicity of influenza vaccines can be increased by adding adjuvants to the 

formulation. Potential benefits of adjuvanted vaccines include the induction of higher levels of 

antibodies, stimulation of immune sensors to boost the cell-mediated immune responses, 

production of cross-reactive antibodies, and longer duration of the immunity (398,399). 

Adjuvanted vaccines often require less antigen to elicit a similar response (i.e. antigen-sparing). 

This allows production of more vaccine doses and more rapid vaccine distribution in case of a 

public health emergency (400,401). 

Although a steadily increasing number of adjuvants have been licensed for use in 

humans, only two have been used for influenza vaccines to date: MF59 and AS03. MF59 is an 

oil-in-water, squalene-based emulsion that promotes production of cross-reactive antibodies, and 

has an established safety record (402). Vaccination of elderly individuals with MF59-adjuvanted 

trivalent vaccine results in significantly higher antibody titers post-vaccination and 

seroconversion rates compared to the recipients of non-adjuvanted vaccine (355). Compared to a 
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non-adjuvanted comparator, an MF59-adjuvanted quadrivalent vaccine also has superior efficacy 

in young children (6-23 months) and in vaccine-naive children up to 5 years of age (403).  

AS03 is another squalene-based, oil-in-water adjuvant used in various vaccine products 

by GlaxoSmithKline (404). McElhaney and colleagues have shown that an AS03-adjuvanted 

TIV has slightly  better efficacy for some subtypes of influenza than a non-adjuvanted vaccine 

(356), possibly as a result of induction of antigen-specific CD4+ T cells compared to non-

adjuvanted group (405). An AS03-adjuvanted pdmH1N1 vaccine containing one-fourth to one-

eighth of the standard dose of HA demonstrated a clinically significant improvement in efficacy 

compared to a non-adjuvanted vaccine in children (401). An increased risk of narcolepsy 

associated with AS03-adjuvanted pdmH1N1vaccination was reported and led to concerns about 

this adjuvant (406,407). However, it is still unclear what role (if any) the adjuvant played in this 

adverse event, and other factors such as genetic susceptibility, exposure to the pandemic virus 

per se, manufacturing impurities need to be considered (330,408,409).  

 

1.3.5.    Virus-like particle-based influenza vaccine candidates 

Virus-like particles (VLPs) are nanoparticles bearing viral antigens that resemble native 

virions in size and sometimes structure. VLPs are often highly immunogenic, but are non-

infectious due to lack of the viral genetic material (410–412). Several very successful VLP 

vaccines based on recombinant antigens are in current use including those targeting hepatitis B 

virus and human papillomaviruses (411,413). VLPs offer many advantages over vaccines based 

on inactivated or live viruses. As noted above, VLPs have no RNA/DNA so are safer than live 

virus vaccines. Since no live virus is needed, the manufacturing processes for VLPs are also 

safer for production staff and health care providers. VLPs can display a number of antigens and 

adjuvant molecules, and therefore elicit broad immune responses (411). VLPs retain the native 

antigenic conformation of the immunogenic proteins; they are organized in an ordered array and 

in a particulate form, all of which promote  strong immune responses (411,414). Due to highly 

repetitive epitopes on the surface, VLPs are able to stimulate APCs and facilitate the 

internalization of antigenic material, resulting in strong induction of antibodies as well as 

stimulation of virus-specific CD4+ and CD8+ T cells (415–417). A number of vaccine candidates 

expressing influenza HA with or without NA (418,419) and other viral proteins (420–422), are 
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under development, some of which have demonstrated excellent immunogenicity and safety 

profiles (423–425).  

VLPs can be produced in bacteria (Escherichia coli) (426), yeast (427), insect cells (428), 

mammalian cells (429), and in vitro cell-free systems (430). Plants are among the most 

promising VLP-based vaccine production platforms (431). Plants can produce large quantities of 

VLPs expressing recombinant protein at low cost, their eukaryotic processing machinery 

supports the post-translational modifications and proper assembly of antigenic proteins, and the 

plant-derived VLPs lack human pathogen contaminants (432–434). Plant-derived influenza 

vaccine candidate VLPs have been successfully produced by a number or academic and 

industrial groups (435–437). 

 

1.3.5.1.     Medicago plant-derived influenza HA-bearing VLPs  

Medicago Inc. is a Canadian clinical-stage biotechnology company that uses plants to 

rapidly develop and produce novel vaccines and antibodies (438). The plant-based 

manufacturing process developed by Medicago relies on transient expression of influenza HA in 

Nicotiana benthamiana upon the transfer of the viral gene to plant cells by the bacterial vector 

Agrobacterium tumefaciens – a process called agroinfiltration (439). Influenza HA-bearing VLPs 

self-assemble and bud from the plant cells, and do not require any accessory proteins (435). 

These plant-derived VLPs present HA in the form of homotrimers inserted into a lipid bilayer 

envelope, that closely resembles the structure of native influenza virions (439). The plant-based 

transient expression system allows rapid and large-scale production of influenza HA-based 

vaccine at relatively low cost, meeting several of the principle challenges for vaccine production 

in a pandemic (i.e. speed & scalability) and representing an excellent alternative to the currently 

available manufacturing platforms for seasonal vaccines (435).  

 

1.3.5.1.1. Structure and composition of the plant-derived VLPs 

An electron microscopy study revealed that ~65% of VLPs have an oblate spheroid 

structure (discoid-shaped) with loosely packed HA trimeric spikes concentrated at the equatorial 

region. The 30 to 50 HA trimers/particle are well separated, with an average 176 Å and 203 Å 

between the tails and the globular head domains, respectively. The second most abundant class 

are spheroid-shaped particles that contain HA trimers distributed over the entire lipid membrane 
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surface (30% of the particles). On these particles, an average distance between the HA trimers is 

144 Å and 182 Å between the tails and globular heads of neighboring trimers, respectively. More 

than 99.9% of the HA contained in these vaccines is present on the discoid- and spheroid-shaped 

VLPs. A minor portion of plant-derived VLPs adopt a rosette morphology or have no HA on 

their surface (i.e. ‘empty vesicles’) (440). Native influenza A virions have approximately 300 

HA spikes that are separated by a distance of 104 to 112 Å on average (441,442). The less dense 

presentation of HA trimers on the plant-derived VLPs may facilitate interactions of immune cells 

with HA epitopes, especially those located in the HA stalk region near the VLP envelope (440). 

The average diameter of plant-derived HA-VLPs varies between 50 and 150 nm, depending on 

the HA type and the measurement technique applied (435,440). 

Influenza HA expressed on the surface of plant-derived VLPs is detected by Western blot 

as a 72 kDa protein corresponding in size to the uncleaved HA0 form (435). The HA1 and HA2 

cleavage bands and the dimers of HA0 can also be detected with low intensities (443). Mass 

spectrometric analysis reveals that the extracellular domain of HA on VLPs has the expected 

post-translational modifications including six N-glycosylation sites in the HA1 globular head or 

the HA2 stalk regions. These sites carry complex or hybrid glycans containing core α(1,3)-fucose 

or β(1,2)-xylose epitopes and Lewisa extensions. Gas chromatographic analysis has revealed the 

presence of mannose, xylose, galactose and fucose monosaccharides arising from N-linked 

glycans (443). By far, the most abundant protein identified on VLPs is influenza HA. A number 

of host cell proteins, many of which were previously identified in Nicotiana tabacum lipid rafts, 

are detected on VLPs in tiny quantities. These include plasma membrane ATPase, ribulose 

bisphosphate carboxylase/oxygenase, heat-shock protein 70–3, molecular chaperone Hsp90, and 

others (443,444). Among the plant-derived lipids identified on VLPs were sphingolipids 

(glucosylceramide), phosphatidylethanolamines, phosphatidylcholines and phosphatidylserines 

with alkyl chains of different length (16 or 18 carbons) and a number (0-3) of unsaturated double 

bonds. Identification of the lipid raft markers suggested that the mechanism of VLP formation in 

plants is similar to the natural process of influenza virus assembly in the mammalian host cells, 

including recruitment of the viral protein to plasma membrane at lipid rafts followed by VLP 

budding from the host cell when the appropriate amount of HA has accumulated. Host proteins 

are mostly excluded from the lipid rafts during the process of VLP formation, similarly to the 

budding of influenza viruses (439,443). 
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1.3.5.1.2. Plant-derived VLP interactions with mammalian immune cells 

To explore the mechanisms of plant-derived VLPs’ immunogenicity, the interactions 

between these particles and immune cells have been studied in vitro and in vivo. Short exposure 

of human PBMCs to H1-VLPs bearing HA from A/California/7/09 (H1N1) resulted in a massive 

binding of these particles to B cells, monocytes and, to lesser extend, CD4+ and CD8+ T cells. 

H5-VLPs bearing influenza HA from A/Indonesia/5/05 (H5N1) showed less prominent binding 

to PBMCs in general, preferentially interacting with monocytes. The patterns of VLP 

interactions with monocytes ex vivo were also different: H1-VLPs appeared to be present in 

distinct foci at the interfaces between monocytes and adjacent lymphocytes, whereas H5-VLPs 

rapidly coated the surface of monocytes, and many of these cells bound substantially more H5- 

than H1-VLPs (445). The H1- but not H5-VLPs caused rapid formation of PBMC clusters with a 

great contribution of B cells. H1-VLP-stimulated B cells up-regulated expression of the 

activation marker CD69. Both H1- and H5-VLPs induced proinflammatory cytokines production 

by human monocytes; however, the effect of H5-VLPs was only seen at higher concentrations of 

particles. Studies are underway to determine the influence that these early interactions have on 

the adaptive immune responses to different types of HA delivered in the form of plant-derived 

VLPs (445). 

Footpad injection of a ‘trackable’ H5-VLP labeled with enhanced green fluorescent 

protein (eGFP) in mice resulted in a bright green fluorescence in the draining popliteal lymph 

nodes as early as at 10 min after administration, showing that VLPs rapidly reach the local 

lymphoid organs by free-drainage. The fluorescent signal disappeared almost completely by 3 

hours after the administration, and no fluorescence was seen at any time in the more proximal 

lymphoid structures, suggesting that the VLPs were likely internalized and the eGFP degraded in 

the draining lymph node cells (446). 

 

1.3.5.1.3. Plant-derived VLPs’ immunogenicity in animal models 

In response to the avian influenza pandemic threat, Medicago first developed and tested 

VLPs bearing HA from the avian A/Indonesia/5/05 (H5N1) strain. Mice immunized with two 

doses of aluminium hydroxide (alum)-adjuvanted H5-VLPs mounted readily detectable HAI 

responses. When these mice were challenged with a heterologous strain (A/Vietnam/1194/04 
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(H5N1), 100% protection was achieved at all tested HA doses (0.5 to 7.5 µg). These results 

suggested that HA-VLPs could elicit cross-clade protection against potential influenza pandemic 

strains (435). Another study with H5-VLPs in ferrets showed detectable HAI titers with 

homologous A/Indonesia/5/05 (H5N1) strain even after a single administration at the highest 

dose used (11.0 µg). After two doses, all immunized animals had high HAI titers against the 

A/Indonesia/5/05 strain. The HAI titers measured with three heterologous influenza strains were 

lower than those directed against A/Indonesia/5/05 virus but challenge with A/Vietnam/1203/04 

revealed complete protection from clinical illness in the vaccinated ferrets regardless of low HAI 

titers. These observations suggested that immune mechanisms other than HAI antibodies may 

contribute to the protection against both homologous and heterologous challenge (447). 

A VLP-based vaccine bearing the HA of another potentially pandemic avian strain 

A/Hangzhou/1/2013 (H7N9) has also been tested in mice and ferrets (448). A single dose of the 

vaccine adjuvanted with alum or GLA-SE induced a strong HAI response in both animal species. 

The second immunization significantly increased the humoral immune response in both 

adjuvanted and unadjuvanted animal groups. All the mice immunized with one dose of the 

adjuvanted formulations survived challenge with heterologous A/Anhui/1/2013 (H7N9) 

influenza strain while five out of eight mice (62%) that received the non-adjuvanted vaccine 

survived. Two doses of unadjuvanted vaccine significantly increased the humoral response and 

resulted in 100% protection with significant reduction of the clinical signs leading to nearly 

asymptomatic infections. In ferrets, a single immunization with the alum-adjuvanted H7-VLP 

vaccine induced strong humoral response, and a second dose led to a further increase of the HAI 

titers. The ex vivo stimulation of PBMCs obtained from immunized fetters revealed an increase 

in cell proliferation as well as IFN-γ production by CD3+ T cells. Ferrets immunized with even a 

single dose of the alum-adjuvanted H7-VLP vaccine were protected from heterologous 

A/Anhui/1/2013 challenge (448).  

The immunogenicity of VLPs bearing the HA from the human A/California/07/2009 

(H1N1) influenza strain has been compared to a licensed monovalent split-virion vaccine in 

young (5- to 8-week-old) and aged (16- to 20-month-old) mice upon single intramuscular or 

intranasal administration (449). Both VLP and split vaccines given intramuscularly protected 

100% of the young animals; however, the antibody titers measured by HAI and NM assays, as 

well as the HA-specific IgG measured by ELISA, were higher in mice immunized with H1-VLPs 
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compared to the split vaccine group. Also, the H1-VLP vaccine elicited stronger antigen-specific 

cytokine/chemokine and lymphoproliferative responses ex vivo that were generally more robust 

in young mice than in aged mice. Aged mice vaccinated with VLPs were more likely to survive 

homologous challenge compared to split vaccine recipients. Mice immunized with H1-VLPs 

given intranasally had little detectable humoral or cellular immune response, but survival was 

still significantly increased. Thus, this study demonstrated that a single dose of H1-VLP-based 

vaccine delivered intramuscularly was superior to the standard split virion vaccine for almost all 

parameters at both ages (449).  

 

1.3.5.1.4. Plant-derived VLPs’ immunogenicity in clinical trials 

Excellent immunogenicity and efficacy of the HA-bearing VLPs in the absence of safety 

concerns from pre-clinical studies prompted Medicago to launch its clinical development 

program of the plant-derived VLP vaccine candidates (Table 1.2). An early phase I clinical trial 

with H5-VLPs (HA sequence from H5N1 A/Indonesia/5/05 influenza strain) demonstrated good 

tolerability and safety in humans (447). The H5-VLPs were immunogenic, as measured by HAI, 

MN and SRH titers, with a clear dose-response. Cross-reactive antibodies against H5N1 

A/Anhui//1/05 and A/turkey/Turkey/1/05 strains were detected, whereas antibodies against 

A/Vietnam/1203/04 virus were barely detectable in any assays (447). Two phase II clinical trials 

confirmed the immunogenicity of the H5-VLPs when administered with adjuvants such as alum 

or the synthetic TLR4 agonist GLA-SE (450,451). After the second dose, more than 50% of the 

subjects who received the alum-adjuvanted H5-VLP vaccine achieved a so-called 

‘seroprotective’ HAI titer >1:40. A significant increase of poly-functional and, to a lesser extent, 

single positive CD4+ T cells stimulated ex vivo with either H5-VLPs or an H5 peptide pool was 

observed in the alum-adjuvanted H5-VLP vaccine groups 6 months after vaccination. Moreover, 

recipients of the adjuvanted H5-VLP vaccine mounted cross-reactive CD4+ T cell responses to 

either heterologous H1-VLP or an H1-based peptide pool (450). The GLA-SE-adjuvanted H5-

VLPs antibody response met all Center for Biologics Evaluation & Research (CBER) licensure 

criteria (451). The GLA-SE-adjuvanted H5-VLP also induced a sustained (up to 6 months) 

polyfunctional and cross-reactive HA-specific CD4+ T cell response. However, the 6-month 

samples revealed that alum promoted higher frequencies of H5-specific CD4+ effector memory T 

cells compared to GLA-SE. The ability of the low dose GLA-SE-adjuvanted H5-VLPs to elicit 
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both a robust humoral response and a sustained cross-reactive cell-mediated immunity supports 

the potential of H5-VLPs for dose sparing in case of a serious pandemic threat (451). 

Humoral and cell-mediated immune responses in humans following H1-VLP 

(monovalent) vaccination based on HA sequence from A/California/7/09 (H1N1) strain have 

also been tested in phase I clinical trial (450). Single administration of H1-VLPs resulted in a 

robust humoral response, and more that 90% of the study participant were seroprotected at day 

21 after vaccination based on the HAI titres. Six months after vaccination, 80% of the H1-VLP 

vaccine recipients still had seroprotective HAI titers (>1:40). The ex vivo stimulation of PBMCs 

with either H1-VLPs or an H1 peptide pool revealed poly-functional and cross-reactive CD4+ T 

cell responses. CD8+ T cell responses were also clearly detectable but the differences did not 

reach statistical significance compared to the placebo group (450). 

The safety, tolerability and immunogenicity of a seasonal quadrivalent VLP-based 

influenza vaccine has been studied recently (452). The vaccine was well-tolerated at each dose 

level. Robust antibody responses were detected at day 21 after immunization for the four 

homologous strains and all vaccine doses. The HAI titers met the European licensure criteria for 

the type A influenza strains at the 3 µg/strain dose and for all four strains at higher doses. High 

HAI titers were maintained for most of the strains 6 months after vaccination. Also, cross-

reactive HAI responses were detectable against heterologous A/H3N2 Uru and B/Mass influenza 

strains at day 21 after the vaccination. At 6 months, strong heterologous responses against 

A/H3N2 Uru and, at lower magnitude, against A/H1N1 Bris and B/Mal were still present. The 

vaccine recipients demonstrated polyfunctional and cross-reactive CD4+ T cell responses upon 

the ex vivo stimulation of PBMCs with VLPs or peptide pools at day 21 and 6 months after 

immunization. Thus, the quadrivalent plant-derived VLP-based vaccine appears to be well-

tolerated while eliciting strong and cross-reactive humoral and cellular immune responses that 

persist for at least 6 months (452). 

Currently, Medicago is conducting a phase III efficacy, safety, and immunogenicity study 

of the plant-derived VLP-based seasonal quadrivalent influenza vaccine with approximately 

10,000 adult participants. The estimated study completion date is April 30, 2018 (453). 
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1.4. RATIONALE AND RESEARCH OBJECTIVES 

Influenza is a vaccine-preventable disease. The World Health Organization considers 

broad-coverage vaccination against influenza the best approach that allows reducing the 

pathogen spread and the disease burden. However, vaccine products available on the market do 

not provide a complete protection against the disease, especially in elderly people, young 

unprimed children and immunocompromised individuals. There is an ongoing effort to develop a 

better influenza vaccine. In response to the seasonal influenza public health challenge as well as 

the pandemic threat caused by newly emerging influenza strains, Medicago Inc., a Canadian 

biopharmaceutical company, developed a plant-based platform for the rapid and large-scale 

manufacturing of influenza vaccines. These vaccines consist of biological nanoparticles that 

largely recapitulate the structure and the mechanisms of formation of the native influenza 

virions. The plant-derived VLPs were studied in a number of pre-clinical and clinical trials, and 

demonstrated a strong and balanced immunogenicity. 

The aim of this exploratory research project was therefore to better understand 

immunological characteristics of the plant-derived VLPs bearing influenza HA. The first 

objective of this thesis was to study the key steps of the interaction between VLPs and human 

immune cells such as binding to the cell membrane, internalization, endosomal handling, and 

antigen processing and presentation. We found that VLPs rapidly accumulated in an intracellular 

compartment that preserved undegraded antigen for a prolonged time. This observation prompted 

us to define VLPs’ endosomal trafficking as the second research objective. In the model of 

human MDMs that are capable of both rapid degradation of the internalized antigen and its 

processing, presentation and cross-presentation, we studied the mechanisms of uptake and the 

colocalization of the influenza HA with a panel of endosomal markers over time. HA-VLPs 

demonstrated bidirectional mode of endosomal handling: while a substantial portion of HA was 

losing ability to bind a monoclonal antibody, suggesting that these particles have been delivered 

to rapidly maturing degradative endosomes, another portion of HA was preserved from 

degradation and colocalized with the markers of early and recycling endosomes, and the 

immunostained MHC I molecules. Since these conditions are known to favor the cross-

presentation of exogenous antigens, we attempted to further explore the HA-VLPs’ endosomal 

fate. The third research objective was to find out whether or not influenza HA delivered in the 

form of VLPs may undergo cross-presentation by human MDMs. Finally, we attempted to apply 
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the phenomenon of a fluorescent dye dequenching to characterization of the influenza virions 

binding to target cells and the viral envelope fusion with cell membranes in the presence of anti-

influenza antibodies. Thus, the fourth objective of this thesis was developing a novel serological 

method for quantitative measurement of the functional antibodies that interfere with key steps of 

the influenza virus life cycle. 
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1.6. TABLES 

Table 1. 1. Influenza A virus RNA segments and the proteins they encode 

RNA 

segment 

number 

Number of 

nucleotides 

Gene 

product(s) 

Number 

of amino 

acids 

Function 

    
Viral RNA-dependent RNA polymerase (vRdRP)Binds to the ends of each 

ssRNA segment and synthesizes new copies of the viral RNP. The subunits 

combine together after import into the nucleus. The vRdRP consists of three main 

subunits (PB1, PB2 and PA) and peripherally a matrix of NP. 

1  2341 PB2 759 PB2: Responsible for cap binding. The globular domain is essential for proper 

association with importin α3 and to a lesser extent α1 and α7.   
PB2-S1 508 An alternative splicing product of PB2: appears to localize in the mitochondria 

and inhibit the RIG-I-dependent interferon signaling pathway (humoral 

immunity). 

2  2341 PB1 757 PB1: Involved in capturing the cap regions of the host’s mRNA and inserting the 

primer into the viral mRNA. Holds the polymerase active site and harbors 

endonuclease activity.   
PB1-F2 87–90 From an alternative reading frame. Can induce apoptosis, regulate host interferon 

response and modulate susceptibility to bacterial superinfection. May influence 

intracellular localization of PB1.   
PB1-N40 

 
N-terminally truncated version of PB1; a product from an in-frame downstream 

initiation site. The function is unknown, but it might modulate virus-induced 

pathogenesis. 

3 2233 PA 716 Polymerase acidic: functions as an RNA-endonuclease. Cleaves capped RNA 

fragments off of the host’s pre-RNA to be used as primers for constructing viral 

mRNA. 

  252 PA-X 61 Frameshifted PA at 191-252 (H7N7), postulated to play an important role in virus 

replication and shutdown of host innate responses in animal models, but its 

expression during in vivo infection has not been observed.   
PA-N155 561 Ribosomal frameshift to AUG start codon at position 155; possible role in viral 

replication, but function unknown.  
  PA-N182 534 Ribosomal frameshift to AUG start codon at position 182; function unknown. 
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4 1778 HA 566 Hemagglutinin: The outer glycoprotein that binds sialic acid of epithelial cells 

and plays a central role in the fusion process. 

5 1565 NP 498 Nucleoprotein: binds the ssRNA into a large ds (NP protein) helix and serves to 

regulate the export and import of viral RNPs. 

6 1413 NA 454 Neuraminidase: Helps the virion cut through the mucous coating of epithelial 

cells. Also thought to be important during the budding process where the newly 

forming virion breaks away from the host cell. 

7 
   

Matrix proteins  
1027 M1 252 Full-length structure. Involved in regulating the import and export of the viral 

RNP. A key regulator for viral assembly, preferentially binding viral RNPs 

during viral assembly.   
M2 97 Alternative splice produce. Combines in the form of a tetramer in the viral 

envelope where it regulates the flow of protons into the viral genome after the 

capsid has entered the cell and before release of the viral RNPs (endocytosis).   
M3 9 Alternative splice product; function unknown.   
M4 54 Alternative splice product; function unknown.   
M42 99 Alternative splice product; function not fully established; however, it can serve in 

the place of M2. 

8 
   

Nonstructural proteins  
890 NS1 230 Full-length structure. Inhibits the interferon-mediated antiviral response [38]. The 

NS1 protein of IAV serves a critical role in suppressing the production of host 

mRNAs by inhibiting the 3′-end processing of host pre-mRNAs and consequently 

blocking the production of host mRNAs, including interferon-β mRNAs. Also 

involved in the import of the viral RNPs, tends to help hijack the import 

mechanism using importin alpha.   
NEP 

(formerly 

NS2) 

98 Important both for the import and export of viral RNPs and mRNA copies to and 

from the nucleus to the cytosol. 

  
NS3 

 
Function unknown but may be an important protein factor for adaptation to new 

hosts. 

 

The table is adapted from (43), with modifications. 
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Table 1. 2. Medicago influenza HA-VLP clinical trials 

NCT Number Title Phases Start Date Completion 

Date 

NCT03301051 Efficacy, Safety, and Immunogenicity of a Plant-Derived 

Quadrivalent Virus-Like Particles Influenza Vaccine in Adults 

Phase 3 August 31, 

2017 

April 30, 2018 

NCT03321968 Lot-to-lot Consistency of a Plant-Derived Quadrivalent Virus-

Like Particles Influenza Vaccine in Healthy Adults 

Phase 3 September 29, 

2017 

November 16, 

2017 

NCT02831751 Immunogenicity, Safety, and Tolerability of a Plant-Derived 

Quadrivalent VLP Influenza Vaccine in Elderly Adults 

Phase 2 April 2016 January 2017 

NCT02768805 Immunogenicity of a Quadrivalent Virus-Like Particles (VLP) 

Influenza Vaccine in Healthy Adults 

Phase 2 March 2016 December 

2016 

NCT02236052 Immunogenicity, Safety and Tolerability of a Plant-Derived 

Seasonal VLP Quadrivalent Influenza Vaccine in the Elderly 

Population 

Phase 2 August 2014 June 2016 

NCT02233816 Immunogenicity, Safety and Tolerability of a Plant-Derived 

Seasonal Virus-Like-Particle Quadrivalent Influenza Vaccine in 

Adults 

Phase 2 August 2014 May 2016 

NCT02022163 Safety, Tolerability and Immunogenicity of a Plant-made H7 

Virus-like Particle (VLP) Influenza Vaccine in Adults 

Phase 1 December 

2013 

December 

2014 

NCT01991587 Safety, Tolerability and Immunogenicity of a Plant-made 

Seasonal Quadrivalent VLP Influenza Vaccine in Adults 

Phase 1 / 

Phase 2 

October 2013 September 

2014 

NCT01991561 Immunogenicity, Safety, Tolerability of a Plant-made H5 Virus-

like-particle (VLP) Influenza Vaccine 

Phase 2 June 2013 November 

2014 

NCT01657929 H5-VLP + GLA-AF Vaccine Trial in Healthy Adult Volunteers Phase 1 September 

2012 

January 2014 

NCT01302990 Safety, Tolerability and Immunogenicity of a Plant-Made H1 VLP 

Influenza Vaccine in Adults 

Phase 1 February 2011 November 

2011 

NCT01244867 Immunogenicity, Safety, Tolerability of a Plant-Made H5 VLP 

Influenza Vaccine 

Phase 2 November 

2010 

September 

2011 

NCT00984945 Safety Study of a Plant-based H5 Virus-Like Particles (VLP) 

Vaccine in Healthy Adults 

Phase 1 September 

2009 

July 2010 

Retrieved from (453) on June 03, 2018
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1.7. FIGURES AND FIGURE LEGENDS 

 

Figure 1. 1. Structure and life cycle of influenza A virus 

Influenza A virus has a lipid bilayer envelope, within which are eight RNA genomic 

segments, each of which is associated with the trimeric viral RNA polymerase (PB1, PB2, 

PA) and coated with multiple nucleoproteins (NPs) to form the vRNPs. The outer layer of the  

(legend continued on next page) 
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lipid envelope is spiked with multiple copies of HA, NA and a small number of M2, whereas 

the M1 molecules keep vRNPs attached to the inner layer. (b) The viral surface glycoprotein 

HA binds to the host cell-surface sialic acid receptors, and the virus is transported into the cell 

in an endocytic vesicle. The low pH in the endosome triggers a conformational change in the 

HA protein that leads to fusion of the viral and endosomal membranes. The low pH also 

triggers the flow of protons into the virus via the M2 ion channel, thereby dissociating the 

vRNPs from M1 matrix proteins. The vRNPs that are released into the cytoplasm are 

transported into the nucleus by recognition of the nuclear localization sequences (NLSs) on 

nucleoproteins only when the M1 molecules are dissociated. (c) In the nucleus, the viral 

polymerase initiates viral mRNA synthesis with 5′-capped RNA fragments cleaved from host 

pre-mRNAs. The PB2 subunit binds the 5′ cap of host pre-mRNAs, and the endonuclease 

domain in PA subunit cleaves the pre-mRNA 10–13 nucleotides downstream from the cap. 

Viral mRNA transcription is subsequently initiated from the cleaved 3′ end of the capped 

RNA segment. This ‘cap snatching’ occurs on nascent pre-mRNAs. (d) Viral mRNAs are 

transported to the cytoplasm for translation into viral proteins. The surface proteins HA, M2 

and NA are processed in the endoplasmic reticulum (ER), glycosylated in the Golgi apparatus 

and transported to the cell membrane. I The NS1 protein of influenza A virus serves a critical 

role in suppressing the production of host mRNAs by inhibiting the 3′-end processing of host 

pre-mRNAs, consequently blocking the production of host mRNAs, including interferon-β 

mRNAs. Unlike host pre-mRNAs, the viral mRNAs do not require 3′-end processing by the 

host cell machinery. Therefore, the viral mRNAs are transported to the cytoplasm, whereas 

the host mRNA synthesis is predominantly blocked. (f) The viral polymerase is responsible 

for not only capped RNA-primed mRNA synthesis but also unprimed replication of vRNAs in 

steps (−) vRNA → (+) cRNA → (−) vRNA. The nucleoprotein molecules are required for 

these two steps of replication and are deposited on the cRNA and vRNA during RNA 

synthesis. The resulting vRNPs are subsequently transported to the cytoplasm, mediated by a 

M1–NS2 complex that is bound to the vRNPs; NS2 interacts with human CRM1 protein that 

exports the vRNPs from the nucleus. (g) The vRNPs reach the cell membrane to be 

incorporated into new viruses that are budded out.  

(legend continued on next page) 
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The HA and NA proteins in new viruses contain terminal sialic acids that would cause the 

viruses to clump together and adhere to the cell surface. The NA of newly formed viruses 

cleaves these sialic acid residues, thereby releasing the virus from the host cell.  

Reproduced from (41), with permission from Springer Nature, Copyright © 2010, Springer 

Nature. 
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Figure 1. 2. Pattern recognition receptors (PRRs) and influenza virus 

The cellular localization, major ligands, and effects of triggering PRRs are illustrated. The 

extracellular domain of each TLR is involved in recognition of specific microbial ligands to 

activate downstream signaling pathways that are generally MyD88 dependent (with the 

exception of TLR3).  

(legend continued on next page) 
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TLR activation results in transcriptional activation and production of proinflammatory cytokines, 

ISGs, and IFN. RIG‐I is a cytosolic helicase that specifically targets 5′‐triphosphate‐containing 

viral RNA, thereby, distinguishing viral from host transcripts. Detection triggers a signaling 

cascade that culminates in the production of IFNs and proinflammatory mediators. The 

inflammasome NLRP3 (the best characterized inflammasome) comprises the NLR protein 

NLRP3, the adapter ASC, and procaspase 1. The consensus is that 2 distinct signals are required 

for inflammasome activation: the first signal leads to synthesis of pro‐IL‐1β/IL‐18 and other 

components of the inflammasome; the second signal results in the assembly of the NLRP3 

inflammasome, caspase 1 activation, and IL‐1β/IL‐18 secretion. 

Reproduced from (97), with permission from John Wiley and Sons, Copyright © 2016, John 

Wiley and Sons. 
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Figure 1. 3. Pathways of entry into the cell 

An increasing number of endocytic pathways are being defined, each mechanistically distinct 

and highly regulated at the molecular level. These pathways facilitate cellular signaling and 

cargo transport. Controlling the route of nanoparticle uptake is important for both mediating their 

intracellular fate as well as their biological response. 

Reproduced from (214), with permission from Royal Society of Chemistry, Copyright © 2010, 

Royal Society of Chemistry. 
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Figure 1. 4. Endosomal trafficking system 

Signalling receptors (in this example receptor tyrosine kinases (RTKs)) are mainly 

internalized through clathrin-mediated endocytosis (left). In this pathway of endocytosis, 

ligand binding accelerates the recruitment of receptors to clathrin (present in clathrin-coated 

pits) through adaptors, such as AP-2 or β-arrestins. Clathrin then polymerizes, and this drives 

the invagination of the pit, which is eventually released into the cytoplasm through the action 

of the GTPase dynamin. This process seems simple but is clearly highly complex given that 

more than 50 different proteins can be found in clathrin-coated pits. There are many forms of 

non-clathrin-mediated endocytosis (right), which, in some cases, depends on plasma-

membrane microdomains enriched in particular lipids (known as lipid rafts). Non-clathrin-

mediated endocytosis is still poorly understood at the molecular level, and the term 

encompasses many heterogeneous mechanisms. After internalization, by either clathrin-

mediated endocytosis or non-clathrin-mediated endocytosis, receptors are routed to early 

endosomes. Trafficking in the endosomal compartment is controlled by small GTP-binding 

proteins of the RAB and ARF (ADP-ribosylation factor) families (some of which are  

(legend continued on next page) 
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indicated). From the early endosome, cargo is either recycled to the plasma membrane (green 

arrows) or degraded (red arrows). Cargo can be recycled through a fast recycling route (which 

depends on RAB4) or a slow recycling route (which depends on the combined action of 

RAB8 and RAB11). In addition, proteins that have been internalized by non-clathrin-mediated 

endocytosis, such as major histocompatibility complex (MHC) class I molecules, can be 

recycled to the plasma membrane through ARF6-dependent pathways. Cargo can also be 

trafficked through a RAB7-dependent, degradative route, through late endosomes and 

multivesicular bodies, and then lysosomes. A crucial signal in this route is ubiquitylation of 

the receptors. Ubiquitylated receptors are recognized by a series of ubiquitin-binding protein 

complexes: HRS–STAM (also known as ESCRT-0), and endosomal sorting complex required 

for transport I (ESCRT-I), ESCRT-II and ESCRT-III. 

Reproduced from (239), with permission from Springer Nature, Copyright © 2010, Springer 

Nature. 

  



95 
 

 

Figure 1. 5. Generation of peptide–MHC class II complexes in antigen-presenting cells 

MHC class II αβ dimers associate with the invariant chain (Ii) in the endoplasmic reticulum 

(ER), traffic through the Golgi apparatus and are delivered to the plasma membrane. Ii–MHC 

class II complexes are internalized by clathrin-mediated endocytosis and traffic to multivesicular 

antigen-processing compartments. Some of these complexes are sorted into the intraluminal 

vesicles (ILVs) of multivesicular bodies (MVBs), in which sequential Ii proteolysis leads to the 

generation of a fragment of Ii, termed class II-associated invariant chain peptide (CLIP), which 

remains in the peptide-binding groove of MHC class II. CLIP is removed from CLIP–MHC class 

II complexes by the enzyme HLA-DM, which is present in the MVB internal and limiting 

membranes, thereby facilitating peptide binding onto nascent MHC class II. The activity of 

HLA-DM is regulated by HLA-DO, but the mechanism of regulation remains unknown. ILV-

associated peptide–MHC class II somehow associates with the MVB limiting membrane, and 

endosomal–lysosomal tubules directed towards the plasma membrane either directly fuse or give  

(legend continued on next page) 
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rise to transport vesicles that fuse with the plasma membrane. MVB membranes are rich in the 

lipids that constitute lipid raft membrane microdomains, and fusion of peptide–MHC class II 

from MVB-derived membranes with the plasma membrane leads to the deposition of lipid raft-

associated peptide–MHC class II directly into the plasma membrane. In circumstances in which 

an entire MVB fuses with the plasma membrane, the ILVs of MVBs are released from the APC 

in the form of exosomes. Surface expressed peptide–MHC class II can be internalized through a 

clathrin-independent endocytosis pathway and can be targeted for lysosomal degradation or can 

recycle back to the plasma membrane. 

Reproduced from (226), with permission from Springer Nature, Copyright © 2015, Springer 

Nature. 
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Figure 1. 6. Classical class I antigen presentation.  

The classical pathway monitors the self-proteins and foreign proteins that are synthesized by 

cells. Expressed proteins destined for degradation are (2) conjugated with ubiquitin and then (3) 

degraded by proteasomes. Long peptides undergo trimming by cytosolic peptidases. (4) A 

fraction of peptides are translocated into the lumen of the ER via TAP. Some long peptides 

undergo trimming in the ER by ERAP. Newly synthesized MHC-I molecules associate first with 

the chaperone calnexin and then, via Tpn, with TAP in the PLC. After (5) binding TAP-

transported peptide, the MHC-I:peptide complexes are (6) transported through the secretory 

pathway to the plasma membrane, where they are presented to CD8+ cytotoxic T cells. 

Abbreviations: ER, endoplasmic reticulum; ERAP, ER aminopeptidase; ERGIC, ER-Golgi 

intermediate compartment; PLC, peptide-loading complex; TAP, transporter associated with 

antigen processing; Tpn, tapasin. 

Reproduced from (218), with permission from Annual Reviews, Copyright © 2017 by Annual 

Reviews.  
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Figure 1. 7. The vacuolar and cytosolic pathways of generating peptides for cross-

presentation 

Shown are subcellular events within the first 1-4 hours following phagocytosis of bacteria by 

dendritic cells. Experimental evidence also supports the occurrence of similar events around 

endosomes or parasitophorous vacuoles. The nascent phagosome carrying an internalized 

bacterium matures into a cross-presentation compartment made possible through the activity of 

several players within both the vacuolar and the cytosolic pathways. (1) The vacuolar pathway of  

(legend continued on next page) 
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cross-presentation contributes to the degradation of proteins, derived from the internalized 

bacterium in this case, through the activity of vacuolar proteases, most prominent among which 

is cathepsin S because of its ability to be functional at a pH that is relatively alkaline compared to 

the pH optima ∼4.5-5 for the majority of vacuolar proteases. In dendritic cells, a pH ∼7-7.3, 

most conducive to cross-presentation, is maintained for the first few hours through phagosomal 

reactive oxygen species (ROS) generated by the activity of the NADPH oxidase. A functional 

NADPH oxidase involves the assembly of its cytosolic subunits and the small GTPase Rac1 with 

its phagosome membrane integral subunits. Resultant ROS neutralize the acidic protons (H+) 

generated through the activity of the v-ATPase, which in turn is assembled by recruitment of its 

cytosolic V1 sector subunits to its phagosome membrane integral V0 sector subunits, and in a 

TLR-regulated manner. Counteraction of the v-ATPase by the NADPH oxidase serves to 

temporarily maintain a neutral phagosomal pH to preserve proteins from excessive degradation 

by vacuolar proteases and promote cross-presentation. ROS lead to lipid peroxidation (indicated 

as OO·) and disruption of endosomal membranes, and they may also have the same effects on 

phagosomal membranes (question mark). (2) The cytosolic pathway of cross-presentation relies 

on recruitment of various players from the endoplasmic reticulum (ER)-Golgi intermediate 

compartment (ERGIC) to phagosomes through the pairing of the ER soluble N-ethylmaleimide-

sensitive factor attachment receptor (SNARE) Sec22b with syntaxin 4 (not shown) on 

phagosomes. In this manner, the retrotranslocon Sec61 and the transporter associated with 

antigen processing (TAP) present in the ERGIC are recruited to the cross-presenting phagosome 

and function collaboratively to mediate the exit and reentry, respectively, of polypeptides derived 

here from the internalized bacterium. Phagosomal Sec61 transports peptides through 

retrotranslocation to the cytoplasmic side of phagosomes, where they have access to the ubiquitin 

(E1, E2, E3 ligases) and proteasome complex assembled on the cytoplasmic side of phagosomes. 

This compartmentalization along the phagosomal membrane presumably facilitates translocation 

of resultant proteasome-degraded peptides back into phagosomes via TAP that had been 

recruited to phagosomes from the ERGIC. Inside phagosomes, the insulin-regulated 

aminopeptidase (IRAP) is a trimming aminopeptidase that preferentially acts on those peptides 

that have been subjected to cytosolic degradation by the proteasome. The combined results of the  

(legend continued on next page) 
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vacuolar and cytosolic pathways contribute to a diverse repertoire of peptides that are available 

for binding to MHC-I molecules during cross-presentation. For simplicity, MHC-I molecules are 

not depicted in this figure. 

Reproduced from (264), with permission from Annual Reviews, Copyright © 2018 by Annual 

Reviews. 
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2.1. PREFACE  

In Chapter 1 of this thesis, we described the structure, composition, and the mechanisms 

of formation of the plant-derived VLP. The VLP are biological nanoparticles 50 to 150 nm in 

diameter, mostly discoid or spheroid-shaped, enveloped, with HA trimers integrated into the 

lipid bilayer and organized in an ordered array. These VLP bud from the plasma membrane of 

plant cells at the lipid rafts; host proteins are mostly excluded from the membrane budding area 

during the process of VLP formation. Thus, except for the lack of genetic material, plant-derived 

VLP are very similar to the native influenza virions. These similarities prompted us to study the 

interactions between the hemagglutinin (HA)-bearing plant-derived VLP and human antigen 

presenting cells (APC) that can potentially shed the light on the immunogenicity of the 

nanoparticles. The following chapter describes the mechanisms and kinetics of VLP binding to 
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the surface of monocytoid/macrophage cells, their internalization and trafficking towards 

acidified endosomal compartments, fusion of VLP envelopes with endosomal membranes of the 

host cells, and HA processing and presentation to autologous lymphoid cells. We also compare 

two types of VLP bearing either H1 (based on the HA sequence of A/California/07/2009 (H1N1) 

virus) or H5 (based on the HA sequence of A/Indonesia/05/2005 (H5N1) proteins. 

 

2.2. ABSTRACT 

Introduction: Plant-made virus-like particles (VLP) bearing influenza virus 

hemagglutinins (HA) are novel vaccine candidates that induce cross-reactive humoral and poly-

functional T cell responses. To better understand the mechanisms that underlie this broad 

immunogenicity we studied early interactions of VLPs bearing either H1 (A/California/07/2009 

(H1N1)) or H5 (A/Indonesia/05/2005 (H5N1)) with a human monocytoid cell line (U-937 cells) 

and human monocyte-derived macrophages (MDMs) as model antigen-presenting cells (APC). 

Methods and results: Using Vibrio cholerae sialidase and lectins that target α2,6- 

(Sambucus nigra lectin) or α2,3-linked sialic acids (Maackia amurensis lectin I), we 

demonstrated that VLPs bind to these APCs in a sialic acid-dependent manner. Using lysosomal 

markers and DiD-labelled VLPs, we found that attachment to the cell surface leads to 

internalization, trafficking to acidic cell compartments and fusion of the VLP lipid envelope with 

endosomal membranes. Incubation of MDMs with H1- but not H5-VLPs induced proliferation of 

autologous peripheral blood mononuclear cells suggesting antigen processing and stimulation of 

a memory T cell response. 

Conclusions: Plant-made VLPs bearing influenza HA not only mimic the structure of 

influenza virions to some degree but also recapitulate key features of the initial virus-APC 

interaction. These observations may help to explain the balanced humoral and cellular responses 

to plant-made VLP vaccines. 

 

2.3. INTRODUCTION 

Influenza viruses cause significant worldwide morbidity and mortality every year (1,2). 

Vaccines are the best tools available to prevent the disease burden (3); however, vaccine efficacy 

(VE) can vary significantly between years, target populations and strains (4,5). A vaccine 

mismatch in 2014–15 influenza season resulted in a VE of 18% for H3N2-caused diseases, and 
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the influenza-associated hospitalization rate among people ≥65 years of age was the highest 

since the beginning of tracking those data in 2005 (6). Novel vaccines are needed that have 

improved VE in the most vulnerable populations, elicit both humoral and cell-mediated immune 

responses and provide greater cross-protection (7,8). 

Among the most promising new approaches are virus-like particle (VLP) vaccines. VLPs 

are nanoparticles with one or more viral components that mimic wild-type virus morphology but 

lack viral genetic material. Antigens on VLPs are typically in their native conformation without 

either mutations introduced when live viruses are grown in eggs to make vaccine strains or 

alterations due to inactivating agents or detergents treatment (9). Antigenic proteins on VLPs are 

presented in an immunologically-relevant array, they can be protected from degradation and are 

often delivered more efficiently to antigen-presenting cells (APCs) such as macrophages and 

dendritic cells (10). 

Several influenza VLP vaccines produced using different recombinant platforms are in 

various stages of pre-clinical and clinical development (11). VLPs can be produced efficiently in 

both insect cells and plants that express only the influenza hemagglutinin (HA) (12,13). 

Although both platforms have advantages over egg-based production, the approach based on 

Agrobacterium-mediated transient expression in Nicotiana benthamiana is increasingly 

recognized as a rapid, flexible and cost-effective way to produce highly immunogenic vaccines 

(14). Indeed, such plant-made VLPs bearing different HAs have recently been shown to elicit 

strong humoral and cell-mediated immune responses that are cross-reactive in both pre-clinical 

and clinical studies (12,15–17). The mechanisms that underlie the unusual immunogenicity of 

these candidate vaccines are not yet fully understood. 

In this work, we demonstrate that plant-made VLPs bearing influenza HA rapidly interact 

with monocyte/macrophage cells in a sialic acid-dependent manner. Attachment of the VLPs to 

the cell surface leads to their internalization and fusion of VLP lipid components with endosomal 

membranes. Exposure of human monocyte-derived macrophages (MDMs) to influenza HA 

delivered by the plant-made H1-VLPs stimulates a lymphoproliferation response in autologous 

peripheral blood mononuclear cells (PBMCs), suggesting competent antigen processing and 

presentation in support of a recall response. The absence of a lymphoproliferation following H5-

VLP stimulation in vitro is likely attributable to lack of prior exposure of the blood donors to H5 

antigens. 
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2.4. MATERIALS AND METHODS 

 

2.4.1. Plant-made VLPs bearing influenza Hemagglutinins and empty vesicles 

The VLPs produced in N. benthamiana were kindly provided by Medicago Inc. (Quebec, 

QC) and were manufactured as previously described (15,18). The influenza HA proteins were 

based on the sequences of A/California/07/2009 H1N1 for H1-VLPs or A/Indonesia/05/2005 

H5N1 for H5-VLPs. Empty vesicles (Evs) were generated from homogenized N. benthamiana 

cell membranes. The Evs have a general structure and lipid profile similar to that of the HA-

bearing VLPs (data not shown). For the purpose of confocal microscopy and dequenching 

experiments, VLPs or Evs were stained with the fluorescent lipophilic carbocyanine dye, DiD 

(Thermo Fisher Scientific, Eugene, OR) at a concentration of 20 µg/mL for 30 min at room 

temperature (RT), and then purified from free dye using gel filtration columns (PD MiniTrap G-

25, GE Healthcare, Buckinghamshire, UK). Influenza A (H1N1) 2009 monovalent vaccine 

(Sanofi Pasteur Inc, Swiftwater, PA) and recombinant H1 and H5 proteins produced in human 

embryonic kidney 293 cells (Immune Technology, New York, NY) were used as comparators in 

internalization and antigen processing experiments. 

 

2.4.2. Cells and immunostaining 

Most experiments were performed using U-937 cells, a human histiocytic lymphoma cell 

line (ATCC CRL-1593.2), that were maintained in RPMI-1640 Medium supplemented with 10% 

fetal bovine serum (FBS), 50 IU/mL penicillin, 50 µg/mL streptomycin and 10 mM HEPES (all 

from Wisent, Saint-Jean-Baptiste, QC). Some key experiments were performed using MDMs 

differentiated from human PBMCs isolated from healthy donors between the ages of 23–45. All 

studies with human cells were carried out with approval from the Research Ethics Committee of 

the McGill University Health Centre. Written informed consent was obtained from all donors 

prior to blood drawing. PBMCs were separated from whole blood samples by differential density 

gradient centrifugation. The monocyte CD14+ cell fraction was isolated by negative selection 

using magnetic microbeads according to the manufacturer’s instructions (EasySep Human 

Monocyte Enrichment Kit, STEMCELL, Vancouver, BC). Monocytes at 106 cells/mL were 

cultured in RPMI-1640 supplemented with 10% FBS and 20 ng/mL recombinant human 

macrophage colony-stimulating factor (Gibco, Frederick, MD) in a 5% CO2 incubator at 37°C 
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for 7 days; at day 3 and day 6, half of the medium was changed. To verify the purity of MDMs, 

cells were stained for CD68 or Iba-1 markers overnight using mouse monoclonal anti-human 

CD68 antibody, dilution 1:100 (clone Y1/82 A, BioLegend, San Diego, CA), or polyclonal rabbit 

anti-human Iba-1 antibody, dilution 1:500 (Thermo Fisher Scientific, Rockford, IL), 

respectively. HA immunostaining was performed with mouse monoclonal anti-HA antibody 

(clone IVC102, Meridian Life Science, Memphis, TN), dilution 1:200. 

 

2.4.3. Confocal microscopy 

VLPs, influenza A (H1N1) 2009 monovalent vaccine or recombinant HA were added to 

cultures in serum-free RPMI-1640 at a final concentration of 15.0 µg/mL (by HA content). In 

time-lapse experiments, VLPs were labelled with DiD and images were acquired at 37°C at one-

minute interval up to 60 min. To visualize acidic cell compartments, cells were pre-loaded with 

LysoSensor Green DND-189 (1 µM, Life Technologies Corporation, Carlsbad, CA). In some 

experiments, live cells were treated with Vibrio cholerae sialidase (Roche, Mannheim, Germany) 

250 mU/mL in serum-free RPMI-1640 for two hours, washed and exposed to DiD-labelled 

VLPs. In parallel experiments, cells were fixed with 3.7% formaldehyde in PBS for 30 min at 

4°C, treated with sialidase 250 mU/mL in acetate buffer (pH 5.5) overnight and then exposed to 

DiD-labelled H5-VLPs. Sialidase-treated live cells were stained with 20 µg/mL fluorescein-

labelled Maackia amurensis Lectin I (MAL-I: preferentially targets α2,3-linked sialic acids) or 

Sambucus nigra Lectin (SNA: preferentially targets α2,6-linked sialic acids) (both from Vector 

Laboratories, Burlingame, CA) for 30 min at 4°C. A laser scanning confocal microscope (Zeiss 

LSM780, RI-MUHC Molecular Imaging Core Facility, Montreal, QC) was used in all imaging 

experiments. Fluorescence intensity was quantified using ImageJ software. 

 

2.4.4. Fluorescence dequenching fusion assay 

Fusion assays were based on fluorescence dequenching of DiD-labelled VLPs upon 

interaction with unlabelled cell membrane. A volume of 200 µL of VLPs (HA concentration 90.0 

µg/mL) was added to 5 × 106 U-937 cells in 1000 µL of serum-free RPMI-1640 (final HA 

concentration 15.0 µg/mL); sample was kept at 4°C for one hour to permit VLP attachment but 

not entry into the cells, washed with ice-cold serum-free RPMI-1640 twice and re-suspended in 

1000 µL of ice-cold RPMI-1640 supplemented with 10% FBS. Dynasore hydrate (Sigma-
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Aldrich) was applied to some wells at a concentration 50 µM to prevent dynamin-dependent 

endocytosis of VLPs (19). Cells were plated in 96-well black flat-bottom plates (Corning, 

Kennebunk, ME), 100 µL per well, in triplicate. The plates were placed into a pre-warmed 

(37°C) spectrophotometer (Infinite 200 PRO, Tecan, Männedorf, Switzerland), and DiD 

fluorescence was measured at 15-min intervals over two hours. Fusion efficiency, reported as a 

%, was determined following addition of Triton X-100 to each well (final concentration 1%) to 

obtain full DiD dequenching. 

 

2.4.5. Autologous PBMCs proliferation 

MDMs were detached from the plastic plate surface using Accutase Cell Detachment 

Solution (BioLegend, Dan Diego, CA) and plated on 96-well black (Corning, Kennebunk, ME) 

or transparent (Corning, Corning, NY) flat bottom plates, 2 × 104 cells per well. The next day, 

MDMs in triplicate wells were exposed to H1 or H5 in the form of VLPs (Medicago Inc, 

Quebec, QC) or as recombinant proteins (Immune Technology, New York, NY) at 

concentrations 15.0, 5.0, 1.0 or 0.1 µg/mL (based on HA content) for two hours, washed and co-

cultured for 5 days with freshly-isolated autologous PBMCs, 2 × 105 cells per well. Proliferation 

was determined by measuring 5-bromo-2′-deoxyuridine (BrdU) incorporation using 

chemiluminescent or colorimetric ELISA kits according to the manufacturer’s instructions 

(Roche, Mannheim, Germany). 

 

2.4.6. Statistical analysis 

Statistical analysis was performed using PASW Statistics 18 software. All experiments 

were analysed by Student’s t-test for independent or related samples. P values <0.05 were 

considered statistically significant. 

 

2.5. RESULTS 

 

2.5.1. VLP binding to U-937 cells and human macrophages 

Initially we verified that labelling of H1- or H5-VLP preparations (normalized by HA 

concentration) with DiD resulted in an equal accumulation of the dye in the particles (Suppl. Fig. 

2.1). Time-lapse imaging of DiD-labelled VLPs revealed rapid adherence of the particles to U-
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937 cells. Although individual DiD-labelled particles were too small to be visualized by confocal 

microscopy, H5-VLP binding to the cell surface (possibly small clusters of VLPs) was observed 

during the first minutes of exposure, and increased rapidly to maximum fluorescence between 30 

and 45 min. H1-VLPs demonstrated a similar kinetics of association with U-937 cells but the 

interaction was less intense (Fig. 2.1A). At 30 min, the intensity of DiD fluorescence of the H5-

VLP-treated U-937 cells was three-fold higher than cells exposed to H1-VLPs at similar 

concentrations (Fig. 2.1B). VLPs also rapidly associated with the cell surface of human MDMs, 

and peak fluorescence signal was two-fold higher with H5-VLPs than H1-VLPs (Fig. 2.1C). 

Binding of VLPs to the surface of U-937 cells was energy-independent. A one-hour exposure to 

H5-VLPs at 4°C resulted in prominent adherence of the particles without entry into the cells 

(Fig. 2.1D). Moreover, formaldehyde fixation of the U-937 cells prior to VLP exposure did not 

prevent VLP binding (Fig. 2.1F). Sialidase treatment effectively removed both α2,3- and α2,6-

linked sialic acids from the surface of living U-937 cells as shown by reduced binding of MAL-I 

and SNA lectins, respectively (Suppl. Fig. 2.2A and B). H5-VLP binding to sialidase-treated live 

or fixed U-937 cells was reduced ∼90%, compared to non-treated cells (Fig. 2.1E and F). In 

parallel experiments, we observed a dramatic reduction of both H1- and H5-VLPs binding to 

sialidase-treated live MDMs (data not shown). Of note, the fluorescence intensity of MDMs 

exposed to DiD-labelled Evs (normalized by lipid concentration) was ∼5-fold less than H1-VLPs 

and ∼10-fold less than H5-VLPs (data not shown), suggesting that HA plays a role in the 

capacity of VLPs to bind to APCs. In summary, the plant-made VLPs bearing either H1 or H5 

bind to the surface of both a monocyte cell line and MDMs in an energy-independent manner. 

This association is mediated by sialic acid residues present on the cell surface. 

 

2.5.2. Internalization of VLPs 

Surface binding of VLPs was followed by their internalization at 37°C. Confocal imaging 

unambiguously demonstrated the intracellular localization of DiD-fluorescent particles after one 

hour of H5-VLP exposure (Fig. 2.1D). Using a standardized dose of HA, fluorescence intensity 

after HA immunostaining of MDMs exposed to H1-VLPs was ∼5-fold greater than in those 

exposed to monovalent split virion H1N1 vaccine and ∼3-fold greater compared to recombinant 

H1 (data now shown). These observations suggest that HA delivery in a form of VLPs facilitates 

antigen uptake by APCs. Visualization of the acidic intracellular compartments showed good co-
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localization of LysoSensor Green and DiD-labelled H1- or H5-VLPs in U-937 cells and MDMs 

(Fig. 2.2A–C). We next studied fusion of the plant-made VLPs with cell membranes by 

monitoring dequenching of DiD. We observed a rapid increase of DiD fluorescence after 10–15 

min (Fig. 2.2D) of incubation. Fluorescence rose to a plateau phase at ∼90 min that was nearly 

60-fold higher than background levels. The kinetics of DiD fluorescence increase suggested that 

the VLPs were fusing with endosomal rather than cytoplasmic membranes of the target cells 

(20,21). To verify this observation, we performed dequenching experiments in the presence of 

Dynasore, an inhibitor of dynamin-dependent endocytosis (22). Dynasore completely blocked 

DiD dequenching, confirming that VLPs endocytosis preceded their fusion with endosomal 

membranes. In parallel experiments, exposure of MDMs to either H1- or H5-VLPs resulted in 

DiD dequenching that was substantially inhibited in the presence of Dynasore (data not shown). 

In summary, our data suggest that VLPs attach to the surface of monocyte-macrophage cells via 

sialic acid residues, undergo internalization in an energy-dependent fashion and move, at least in 

part, to acidic cell compartments such as late endosomes. Internalization of VLPs is then 

followed by fusion of the particles’ lipid envelope with endosomal membranes. 

 

2.5.3. Processing of VLP-delivered HA by MDMs and antigen presentation to PBMCs 

To determine the fate of endocytosed VLPs – i.e. protein degradation versus processing 

and antigen presentation – we exposed human MDMs to plant-made VLPs bearing either H1 or 

H5. All donors had been vaccinated against and possibly naturally exposed to H1N1 influenza 

and none had any known exposure to H5N1 antigens. Purity of the obtained MDM populations 

was verified by staining for CD68 and Iba-1 (Suppl. Fig. 2.3A and B), and exceeded 98%. The 

duration of MDM exposure to VLPs (2 h) was chosen based on our imaging observations (i.e. 

kinetics of internalization) and the DiD dequenching dynamics. We found that BrdU 

incorporation by autologous PBMCs co-cultured with MDMs exposed to either H1-VLPs or 

recombinant H1 was significantly greater than in the control wells (Fig. 2.3). 

Lymphoproliferation in response to H1-VLP-exposed MDMs was concentration-dependent, 

reaching a maximum effect at the highest tested HA concentration (15.0 µg/mL). At all but the 

lowest HA concentration, lymphoproliferation was greater in the PBMC co-cultured with MDM 

exposed to H1-VLP compared to recombinant H1 although none of the individual comparisons 

reached statistical significance. In contrast, there was no increase in BrdU incorporation by 
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PBMCs co-cultured with MDMs stimulated with H5-VLP or recombinant H5. In conclusion, the 

MDMs isolated from healthy donors appeared to act as antigen-presenting cells rather than 

phagocytes. At least some of the internalized HA was processed by MDMs and presented to 

autologous PBMCs that recognized H1-derived antigenic peptides. 

 

2.6. DISCUSSION 

Monocytes migrating into the lungs and lung-resident macrophages are major 

contributors to the first-line defence against influenza virus infection (23). These cells are key 

innate immune effectors and play an important role in antigen processing and presentation for 

adaptive responses (24,25), particularly for recall antigens (26). The plant-made VLPs used in 

the current studies are similar in size to native influenza virions (12), they display influenza HA 

trimers in an immunologically-relevant array (18) and induce pro-inflammatory cytokine 

production by human monocytes in vitro (27). In a mouse model of footpad immunization, they 

have recently been shown to traffic rapidly to regional lymph nodes where they preferentially 

interact with B cells and CD11c+ APCs (28), unpublished data). 

In this work, we studied VLP binding to the cell surface, internalization and intracellular 

localization, as well as antigen presentation; all key steps in the interaction of APCs with 

influenza viruses and vaccines. These studies took advantage of the convenience of U-937 cells 

and verified key observations in human MDMs differentiated from primary monocytes. 

The initial interactions of influenza virions with target cells are mediated by HA binding 

to sialic acid residues on the cell surface. After binding to the plasma membrane, influenza 

virions are thought to enter the cell by endocytosis. In the endosome pathway, low pH triggers 

conformational changes in the HA molecules that facilitate fusion of the viral envelope and 

cellular membranes, and release of the viral genome and viral proteins into the cytosol. Both 

infection of APCs as well as endocytosis of viral antigenic material likely contribute to influenza 

antigen processing and presentation leading to stimulation of the adaptive immune responses 

(29). 

Highly pathogenic avian strains such as H5N1 (A/Indonesia/05/2005) preferentially bind 

to sialic acids attached to galactose via α2,3 linkage that are found on epithelial cells in the 

human lower respiratory tract. In contrast, seasonal strains like H1N1 (A/California/07/2009) 

preferentially bind to sialic acids attached to galactose by α2,6 linkage that predominate on upper 
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respiratory tract epithelial cells (30). Unlike respiratory epithelial cells, human peripheral blood 

monocytes (31), MDMs and alveolar macrophages (32) have both α2,3- and α2,6-linked sialic 

acids, and sialylation patterns can change with cell activation or differentiation (31). Based upon 

staining with MAL-I and SNA lectins respectively, we found both α2,3- and α2,6-linked sialic 

acids on the surface of U-937 cells. Cleavage of sialic acid residues with V. cholerae sialidase 

markedly reduced MAL-I and SNA staining so it was no surprise that both the H1- and H5-VLPs 

bound to the surface of U-937 cells and human MDMs. MAL lectins also interact with glycans 

containing the SO4-3-Galβ group which are more resistant to sialidases. This characteristic may 

explain the lesser effect of sialidase treatment on MAL-I binding compared to SNA (33). 

It is more difficult to understand the apparently greater binding and internalization of H5-

VLPs compared to the H1-VLPs (Fig. 2.1A –C) or to reconcile these observations with the prior 

demonstration of greater activation of human monocytes by H1-VLPs compared to H5-VLPs 

(27) and the generally stronger humoral and cellular responses elicited by the former in both 

animal models and human trials (12,15,16). Based on cryo-electron microscopy, plant-made H1- 

and H5-VLPs have similar numbers of HA trimers per particle (Dr. Isabelle Rouiller, personal 

communication). However, immunofluorescence is only semi-quantitative, and it is possible that 

surface expression of α2,3-linked sialic acids is greater than α2,6 on these monocytic cells (31). 

It is also possible that α2,3-linked sialic acids cooperate with other surface molecules that 

facilitate binding and internalization (34,35) but that lead to different intracellular handling. 

Studies to better understand the nature of H1- and H5-VLP binding to human monocytes and 

MDMs and the implications of this first interaction for VLP internalization and subsequent 

processing are currently underway. 

To what degree monocyte/macrophages participate in supporting adaptive immune 

responses against influenza virus antigens during infection or following vaccination is currently 

unknown. However, recent evidence suggests that these cells may play a much larger role than 

previously thought (36). In our experiments, a two-hour exposure of MDMs from young adults 

to the H1- but not the H5-VLPs led to active proliferation (BrdU incorporation) of autologous 

lymphocytes in vitro. Since this work was conducted between 2015 and 2016, it is virtually 

certain that most of the young adults from whom PBMCs were isolated had ‘seen’ H1N1 

(A/California/07/2009) antigens through infection, vaccination or both but had not had previous 

exposure to H5 antigens. This difference in prior antigen exposure likely explains the in vitro 
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autologous lymphoproliferative response to H1- but not H5-VLP despite similar handling by the 

MDMs. Visualization of acidic cell compartments with LysoSensor Green demonstrated co-

localization with DiD-labelled VLPs, suggesting that both H1- and H5-VLPs moved, at least in 

part, into late endosomes where the HA was processed for presentation (37). 

Fusion of influenza viruses with cell membranes can be studied using dequenching 

assays. Many fluorophores, including lipophilic dyes like R18, DiD, DiO or DiI are self-

quenching (38). When VLPs are stained with DiD, the concentration of the probe is high enough 

that efficient auto-quenching occurs. When the VLPs fuse with non-labelled cell membranes, the 

probe is diluted, leading to a rise in DiD fluorescence that is proportional to the degree of fusion, 

allowing both kinetic and quantitative measurements (38). The lag phase of the dequenching 

curve suggests that the lipid component of the VLPs fused with the endosomal rather than 

cytoplasmic cell membrane. The inhibitory effect of Dynasore on the H5-VLPs uptake by U-937 

cells in dequenching experiments suggests that these particles are internalized through the 

dynamin-dependent endocytosis (22), and the absence of VLP internalization at 4°C argues for 

energy-dependent mechanisms. In this context, it is interesting that influenza-infected 

macrophages appear to be particularly good at promoting poly-functional CD8+ T cell responses 

(39). CD4+ T cell response to HA epitopes has been demonstrated following plant-made VLP 

vaccination (15,16). In future experiments, it will be of particular interest to include live 

influenza virus and split virion preparations to determine to what extent the plant-made VLPs are 

capable of activating defined pathogen-recognition pathways (26,40,41). 

In summary, using imaging and functional immunological approaches, we have 

demonstrated that plant-made VLPs bearing influenza HA trimers not only mimic the structure 

of influenza virions (12,18), but also recapitulate key aspects of their early interactions with 

human monocyte/macrophages. Specifically, both H1- and H5-VLPs attach to sialic acid 

residues on the surface of these cells followed by internalization into the endosomal 

compartment where acidification and some degree of fusion of VLP and endosomal membranes 

occurs. We further demonstrated that the H1-VLPs stimulate a vigorous lymphoproliferative 

response in vitro suggesting that macrophage processing of the plant-made VLPs can support an 

adaptive recall response. Our findings show that, at least initially, monocytes/macrophages 

handle the plant-made VLPs bearing influenza HA proteins in a fashion similar to their handling 
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of living virions, suggesting a mechanism for the balanced humoral and cellular responses 

elicited by these new vaccines. 
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2.9. FIGURES AND LEGENDS 

 

 

(legend on next page) 
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Figure 2. 1. VLPs binding to U-937 cells and macrophages 

DiD-labelled H1- or H5-VLPs were added to U-937 cells in serum-free RPMI-1640 (media), and 

time-lapse images were acquired at 37°C. Representative images at 0 (prior to adding VLPs), 5, 

15, 30 and 60 min are presented. Scale bar indicates 10 µm. (B) U-937 cells exposed to H1- (left) 

or H5-VLPs (middle) for 30 min. DiD fluorescence, mean ± s. e. m., presented (right, n = 6). 

Scale bar indicates 10 µm. (C) Human MDMs exposed to H1- (left) or H5-VLPs (middle) for 30 

min. DiD fluorescence, mean ± s. e. m., presented (right, n = 7). Scale bar indicates 25 µm. (D) 

U-937 cells exposed to H5-VLPs for 60 min at 4°C (left) or at 37°C (right). Scale bar indicates 

10 µm. I V. cholerae sialidase-treated (250 mU/mL in media for two hrs) live U-937 were 

exposed to DiD-labelled H5-VLPs for 30 min (left). Control sample was kept in media for two 

hrs and exposed to DiD-labelled H5-VLPs for 30 min (middle). DiD fluorescence, mean ± s. e. 

m. presented (right, n = 3). Scale bar indicates 10 µm. (F) Formaldehyde-fixed and V. cholerae 

sialidase-treated (250 mU/mL in acetate buffer, pH 5.5 overnight) U-937 were exposed to DiD-

labelled H5-VLPs for 60 min (left). Control sample was kept in acetate buffer overnight and 

exposed to DiD-labelled H5-VLPs for 60 min (middle). DiD fluorescence, mean ± s. e. m. 

presented (right, n = 5). Scale bar indicates 10 µm. DiD shown in red. Cell nuclei stained with 

4′,6-diamidino-2-phenylindole (DAPI), blue. * - p < 0.05, ** - p < 0.01. 
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Figure 2. 2. Internalization of VLPs adhered to cell surface 

U-937 cells were pre-loaded with LysoSensor Green DND-189 and exposed to DiD-labelled  

(legend continued on next page) 
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H5-VLPs for 45 min. Images are DiD fluorescence (red – left), LysoSensor Green DND-189 

fluorescence (green-middle) and merged (right). Scale bar indicates 10 µm. (B) Human MDMs 

were pre-loaded with LysoSensor Green DND-189 and exposed to DiD-labelled H1-VLPs for 45 

min. Images are DiD fluorescence (red-left), LysoSensor Green DND-189 fluorescence (green-

middle) and merged (right). Scale bar indicates 25 µm. (C) Human MDMs were pre-loaded with 

LysoSensor Green DND-189 and exposed to DiD-labelled H5-VLPs for 45 min. Images are DiD 

fluorescence (red-left), LysoSensor Green DND-189 fluorescence (green-middle) and merged 

(right). Scale bar indicates 25 µm. (D) U-937 cells exposed to H5-VLPs at 4°C for one hr to 

permit VLP attachment but not entry into the cells, washed, re-suspended in ice-cold media 

supplemented with 10% FBS and plated in 96-well plastic flat bottom plates. Dynasore hydrate 

applied to some wells at a concentration 50 µM. The plates were placed into a pre-warmed 

(37°C) spectrophotometer, and DiD fluorescence was measures at 15-min intervals over two 

hours. Fusion efficiency, reported as %, was determined following addition of Triton X-100 to 

each well (final concentration 1%) to obtain full DiD dequenching. Mean ± s. e. m. presented (n 

= 9). ** - p < 0.01. 
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Figure 2. 3. Proliferation of autologous PBMCs co-cultured with MDMs exposed to H1 or 

H5 in a form of VLPs or recombinant proteins 

MDMs differentiated from primary human monocytes, detached with Accutase Cell Detachment 

Solution and plated on 96-well black or transparent plastic flat bottom plates (2 × 104 cells/well). 

The next day, MDMs were exposed to H1 or H5 as VLPs or soluble recombinant proteins at 

15.0, 5.0, 1.0 or 0.1 µg/mL for two hours, washed and co-cultured for 5 days with freshly-

isolated autologous PBMCs, 2 × 105 cells/well (MDMs to PBMCs ratio 1:10). BrdU 

incorporation (cell proliferation) was measured by either colorimetric (optical density) or 

chemiluminescence. Stimulation indices (SI) were calculated: SI = proliferation with PBMCs + 

MDMs + antigen / proliferation with PBMCs alone. Mean ± s. e. m. presented (n = 5). * - p < 

0.05 compared to mock-treated MDMs + PBMCs; n.s. – difference not significant. 
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2.10. SUPPLEMENTARY MATERIAL 

 

Plant-made virus-like particles bearing influenza hemagglutinin (HA) recapitulate early 

interactions of native influenza virions with human monocytes/macrophages  

 

Alexander I. Makarkov, Sabrina Chierzi, Stéphane Pillet, Keith K. Murai, Nathalie Landry, 

Brian J. Ward 
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Supplemental Figure 2. 1. H1- and H5-VLPs staining with DiD 

VLP samples diluted in PBS to make the same HA concentration were stained with DiD at a 

concentration of 20µg/mL for 30 minutes, and then purified from free dye by gel filtration. DiD 

fluorescence was measured prior to and following addition of Triton X-100 (final concentration 

1%) to obtain full DiD dequenching. Mean ± s. e. m. presented (n=3). Ns – difference not 

significant. 
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A 

   

 

B 

   

 

Supplemental Figure 2. 2. Effect of sialidase treatment on MAL-I (A) and SNA (B) lectin 

binding to live U-937 cells 

V. Cholerae sialidase-treated live U-937 cells were stained with fluorescein-labeled Maackia 

Amurensis Lectin I (MAL-I, green) for 30 minutes at 4°C and then fixed with formaldehyde 

(left). Control sample was stained with fluorescein-labeled MAL-I and then fixed (middle).  

(legend continued on next page) 

MAL-I Sialidase + MAL-I 

SNA Sialidase + SNA 
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Fluorescein fluorescence, mean ± s. e. m., presented (right, n=6). (B) V. Cholerae sialidase-

treated live U-937 cells were stained with fluorescein-labeled Sambucus Nigra Lectin (SNA, 

green) for 30 minutes at 4°C and then fixed with formaldehyde (left). Control sample was 

stained with fluorescein-labeled SNA and then fixed (middle). Fluorescein fluorescence, mean ± 

s. e. m., presented (right, n=5). Cell nuclei stained with DAPI, blue. Scale bar indicates 10 µm. * 

- p<0.05.  

  



126 
 

A      B 

  

 

Supplemental Figure 2. 3. Phenotype of MDMs differentiated from CD14+ enriched 

population of PBMCs 

MDMs stained for CD68 marker (red). (B) MDMs stained for Iba-1 marker (green). Cell nuclei 

stained with DAPI, blue. Scale bar indicates 25 µm. 
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3.1. PREFACE  

In chapter 2 of this thesis, we described robust surface binding and internalization of 

plant-derived VLPs by human MDM and U-937 cells. As demonstrated by confocal microscopy 

and DiD fluorescence dequenching, DiD-labelled VLPs were partially delivered into acidified 

endosomal compartments where they underwent fusion with endosomal membranes. In this 

chapter, we continued this work by further characterization of the specific mechanisms of VLP 

uptake by human MDM and compare them with the internalization of soluble HA. We study the 

intracellular handling and fate of influenza HA delivered in a form of plant-derived VLP vs. 

soluble protein with the specific focus on endosomal trafficking of HA towards the 

compartments favoring either MHC II-restricted antigen presentation or MHC I-restricted cross-

presentation. We show that MDM exposure to H1-VLP results in a massive cross-presentation of 

influenza HA. 

 

3.2. ABSTRACT 

A growing body of evidence supports the importance of T cell responses to protect against 

severe influenza, promote viral clearance and ensure long-term immunity. Plant-derived virus-

like particle (VLP) vaccines bearing influenza hemagglutinin (HA) have been shown to elicit 

strong humoral and CD4+ T cell responses in both pre-clinical and clinical studies. To better 

understand the immunogenicity of theses vaccines, we tracked the intracellular fate of a model 

HA (A/California/07/2009 H1N1) in human monocyte-derived macrophages (MDMs) following 

delivery either as VLPs (H1-VLP) or in soluble form. Compared to exposure to soluble HA, 

pulsing with VLPs resulted in ~3-fold greater intracellular accumulation of HA at 15 minutes 

that was driven by clathrin-dependent and -independent endocytosis as well as 

macropinocytosis/phagocytosis. At 45 minutes, soluble HA had largely disappeared suggesting 

its handling primarily by high-degradative endosomal pathways. Although the overall 

fluorescence intensity/cell had declined 25% at 45 min after H1-VLP exposure, the endosomal 

distribution pattern and degree of aggregation suggested that HA delivered by VLP had entered 

both high-degradative late and low-degradative static early and/or recycling endosomal 

pathways. At 45 minutes in the cells pulsed with VLPs, HA was strongly co-localized with Rab5, 

Rab7, Rab11, MHC II and MHC I. High-resolution tandem mass spectrometry identified 115 

HA-derived peptides associated with MHC I in the H1-VLP-treated MDMs. These data suggest 
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that HA delivery to antigen-presenting cells on plant-derived VLPs facilitates antigen uptake, 

endosomal processing and cross-presentation. These observations may help to explain the broad 

and cross-reactive immune responses generated by these vaccines.  

 

3.3. INTRODUCTION 

The cellular arm of the adaptive immune response is increasingly recognized as important 

for both recovery and long-term protection from influenza viruses. CD4+ T cells provide support 

for antibody production and maturation as well as the induction of cytotoxic CD8+ T cells (CTL) 

that target infected cells for elimination (1). In adults, pre-existing poly-functional CD4+ T cells 

have been proposed as a better correlate of protection than antibody titers (2). Although 

influenza-specific CTLs cannot prevent disease, they can reduce both the severity and duration 

of infection (3). T cell responses may be particularly important for vulnerable populations such 

as young children and the elderly (4,5). The most commonly used influenza vaccines based on 

detergent-split virions typically elicit a strong antibody response but are weak inducers of 

cellular immunity (6). Although live attenuated vaccines elicit T cell responses, systemic 

humoral responses are often weak and interference from pre-existing immunity makes these 

vaccines less effective after early childhood (7). A vaccine that elicits both strong antibody and 

cell-mediated responses might have significant advantages over current split virion products.  

Plant-derived VLP vaccines bearing the influenza virus HA protein appear to have this 

capability (8,9). Produced by Agrobacterium-mediated transient expression of influenza HA 

proteins in Nicotiana benthamiana, these vaccines recapitulate the structure and key features of 

native influenza virions such as sialic acid-mediated adherence and internalization by target 

cells, fusion of the VLP envelope with endosomal membranes, and rapid induction of an innate 

immune response (10–12). These vaccines have been shown to elicit strong and cross-reactive 

antibody responses against both seasonal and pandemic influenza strains in animal models and 

human trials (13–15). They also induce polyfunctional and cross-reactive HA-specific CD4+ T 

cell responses (8,13,14). Simultaneous administration of a plant-derived H5-VLP vaccine with 

ovalbumin (OVA) was recently shown to elicit an OVA-specific CD8+ T cell response in 

C57Bl/6 mice (16). The subcellular mechanisms that account for the unusual immunogenicity of 

the plant-derived VLP-based vaccines are not yet well understood. 
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In the current work, we demonstrated that human monocyte-derived macrophages 

(MDMs) internalize H1-VLPs using both clathrin-mediated and clathrin-independent 

endocytosis (CME and CIE respectively) as well as macropinocytosis and, probably, 

phagocytosis. Soluble H1 was internalized almost exclusively by CME and was trafficked 

predominantly to the high-degradative late endosome/endolysosome compartment. In contrast, a 

substantial portion of H1 delivered by VLP was retained in low-degradative static early and/or 

recycling endosomes where the HA co-localized with major histocompatibility complex class I 

(MHC I). Immunoprecipitation of MHC I and high-resolution mass spectrometry revealed a 

large number of HA-derived peptides in MDMs exposed to H1-VLP but not soluble H1. These 

findings demonstrate that intracellular processing of influenza HA by human MDMs is very 

different when the protein is delivered by VLP or in a soluble form. These observations help to 

explain the dual humoral and CD4+ responses seen in humans with the plant-derived VLP 

vaccines and raise the possibility that cross-presentation of HA peptides to CD8+ T cells may 

also occur.  

 

3.4. RESULTS 

 

3.4.1.    H1-VLPs are efficiently internalized by human MDMs 

Classical electron microscopy (EM) was used to document early endocytotic events such 

as formation of endocytic vesicles that are too small to be well-visualized with confocal 

microscopy (17). Exposure of MDMs to H1-VLPs led to a rapid activation of the endocytosis 

machinery. The number of endocytic vesicles doubled during the first 5 minutes of exposure to 

H1-VLPs while soluble H1 had no significant effect (Fig. 3.1a). Intracellular HA 

immunofluorescence was apparent at 5 min of exposure to H1-VLPs and reached a plateau at 10 

min. Further incubation did not change the fluorescence signal (Suppl. Fig. 3.1a). To eliminate 

continuous internalization, MDMs were pulsed with either H1-VLPs or soluble H1 for 15 min 

followed by a 30 min incubation. At 15 min, the fluorescence was 3-fold higher in H1-VLP-

treated MDMs compared to soluble H1 (Fig. 3.1b). Next, we used a 1,1'-dioctadecyl-3,3,3',3'-

tetramethylindodicarbocyanine perchlorate (DiD) dequenching assay (12) and a panel of 

endocytosis inhibitors (Suppl. Table 3.1; Suppl. Fig. 3.1b – d) to demonstrate that H1-VLPs were 

internalized primarily through CME and CIE with smaller contributions from macropinocytosis 
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and, probably, phagocytosis (Fig. 3.1c). The prominent role of CME was further demonstrated 

by direct HA immunofluorescence in the presence of CME inhibitor chlorpromazine (Fig. 3.1d) 

and by co-localization of HA with fluorescently-labeled transferrin that is exclusively taken up 

by CME (Fig. 3.1e). Immunolabelling of clathrin and caveolin-1 in EM images of MDMs 

exposed to H1-VLPs confirmed that the total endocytic vesicle pool included both clathrin-

coated and caveolin-coated structures (Fig. 3.1f). Soluble H1 endocytosis was largely unaffected 

by the CIE inhibitor genistein but was greatly reduced by chlorpromazine (Fig. 3.1d). 

Internalized soluble HA was almost perfectly co-localized with transferrin (Fig. 3.1e).  

In summary, MDMs exposed to H1-VLPs internalized much more HA compared to those 

pulsed with soluble H1. H1-VLP internalization occurred through multiple endocytic pathways 

including CME, CIE, macropinocytosis and, probably, phagocytosis while soluble H1 was 

internalized almost exclusively by CME. The diversity of H1-VLPs internalization mechanisms 

raised the possibility that antigen delivered in this form might experience different acidification 

and degradative environments, leading to a broader range of antigen processing and presentation 

pathways (18). It was therefore of interest to study endosomal trafficking and the intracellular 

fate of the two forms of HA. 

 

3.4.2. H1-VLPs are handled in two distinct endosomal pools: high- and low-degradative 

Both the amount of internalized HA and the degree of degradation over time varied with 

delivery form (Fig. 3.2a, Suppl. Fig. 3.2a). We used the intensity of HA fluorescence as a 

surrogate for protein degradation, assuming that the monoclonal antibody-binding epitope would 

be preserved in a low-degradative intracellular compartment (early-static or recycling 

endosomes). Conversely, disappearance of the fluorescent signal would suggest trafficking to 

late endosomes/endolysosomes. Using confocal microscopy, the intensity of HA fluorescence in 

MDMs pulsed with soluble H1 dropped dramatically over 45 minutes (>90%) while the cells 

pulsed with H1-VLP retained ~75% of the HA signal, suggesting that a substantial portion of the 

internalized protein delivered by VLP had found its way into low-degradative cellular 

compartments. To more precisely define the fate of the internalized HA, we analyzed the 

confocal data using the fluorescence fluctuation method image cross-correlation spectroscopy 

(ICCS) with segmentation (19,20). We based the segmentation on HA-positive endosomes 

(Suppl. Fig. 3.2b) via automatic thresholding based on the fluorescence intensity. The intensity 
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of HA fluorescence in the endosomes of VLP-pulsed cells increased more than two-fold between 

15 and 45 min. The cluster density (number of HA particles per µm2) and the degree of HA 

aggregation also increased (Fig. 3.2b). In contrast, HA fluorescence intensity fell ~97% in the 

endosomes of MDMs pulsed with soluble H1 during this same time period. The cluster density 

and the degree of HA aggregation in these samples was greatly reduced as well, suggesting that 

the internalized soluble protein was almost completely degraded by 45 min.  

Thus, exposure of MDMs to H1-VLPs resulted in rapid and substantial endocytosis. A 

large proportion of HA remained intact for at least 45 min after the VLP pulse. Moreover, 

increases in HA fluorescence intensity, cluster density and degree of aggregation all suggested 

homotypic fusion of the HA-positive endosomes (21). The simultaneous reduction in overall HA 

fluorescence intensity per cell area argued for movement of some of the protein to high-

degradative late endosomes, supporting a bidirectional trafficking model for the HA delivered by 

the VLPs. In contrast, the uptake of soluble H1 was less important at the outset (15 min) and the 

HA fluorescence had almost completely disappeared at 45 min. These observations prompted us 

to further characterize the endosomal compartments contributing to the complex handling of HA 

delivered on VLPs or as soluble protein. 

 

3.4.3. H1-VLPs move towards static early and/or recycling endosomes in human MDMs  

Conventional colocalization analysis based on ‘per cell’ image segmentation suggested 

that H1-VLPs preferentially track from early, Rab5-positive endosomes to low-degradative 

Rab11-positive recycling endosomes rather than to late Rab7-positive endosomes/endolysosomes 

(Suppl. Fig. 3.3a) (22). Of note, in a significant minority of H1-VLP-exposed cells (~15%), we 

observed peripheral re-distribution (recycling) of undegraded HA towards the plasma membrane 

at 45 min (Suppl. Fig. 3.3b). Soluble H1 was partially co-localized with all three endosomal 

markers at 15 min but was undetectable in any endosomal compartment by 45 min suggesting 

that the HA had been almost fully degraded (data not shown). When the HA-positive endosomal 

compartment was characterized by segmentation ICCS analysis, there was a substantial increase 

in the HA colocalized cluster density (number of colocalized particles per µm2) with Rab5 and 

Rab11 markers at 45 min suggesting protein retention in static early and/or recycling endosomes 

(Fig. 3.3a). Unexpectedly, we also observed an increase of HA – Rab7 colocalized cluster 

density, which may possibly be explained by Rab conversion of the slowly-maturing endosomes 
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(23). The HA – MHC II colocalized cluster density was ~4-fold higher in the H1-VLP-pulsed 

MDMs compared to those treated with soluble H1 at 15 min, and did not change by 45 min (Fig. 

3.3b) suggesting that VLPs facilitate HA delivery, at least partially, in high-degradative Rab7+ 

compartments that favor MHC II-restricted antigen presentation (18,24). The fraction of HA 

particles interacting with endosomal proteins remained unchanged between 15 and 45 min in the 

MDMs exposed to H1-VLPs (Fig. 3.3), suggesting that HA-enriched endosomes retained 

association with Rab proteins that regulate endosomal trafficking, cargo sorting and organelle 

maturation (25).  

In summary, a large portion of the HA delivered on VLPs is retained in low-degradative 

endosomal compartments (static early and/or recycling endosomes) for at least 45 min, while the 

remainder follows the ‘classic’ endosomal degradation pathway. In contrast, soluble H1 is 

mostly trafficked towards high-degradative intracellular compartments. These striking 

differences in the intracellular handling of HA raised questions about the possible immunological 

consequences of the two forms of antigen delivery. 

 

3.4.4. HA delivery in the form of VLPs favors antigen cross-presentation by human 

MDMs 

A large portion of intracellular MHC I pool resides in recycling Rab11a-postive 

endosomes that can support cross-presentation of phagocytosed antigens (26). It was therefore of 

interest to explore HA delivery into the MHC I-positive endosomal compartments following 

pulsing of MDMs with the different forms of HA. ICCS colocalization revealed strong 

association between HA and MHC class I molecules in MDMs pulsed with either H1-VLPs or 

soluble H1 at 15 min (Fig. 3.4a). By 45 min however, HA – MHC I colocalized cluster density 

had greatly increased in H1-VLP-exposed cells (213%) but fell by 63% in the MDMs pulsed 

with soluble HA. The fraction of interacting HA particles remained unchanged by 45 min in H1-

VLP-exposed MDMs. Based on the assumption that prolonged retention of antigen in low-

degradative (MHC-I+, Rab11+) compartments favors cross-presentation (27), we 

immunoprecipitated MHC I – peptide complexes from lysates of MDMs that had been pulsed 

overnight with H1-VLPs or soluble H1 and analyzed the eluted peptides using high-resolution 

tandem mass spectrometry (MS). No confident HA-derived peptides were detected in the lysate 

of MDMs exposed to soluble H1. In contrast, 115 HA-derived MHC I-associated peptides were 
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identified in MDMs exposed to the H1-VLPs (posterior error probability (PEP) score ≤0.01), 

contributing to an HA sequence coverage of 12-89% (Table 3.1; Suppl. Table 3.2). Eight 

peptides were detected in more than one donor and the HA protein scores varied from 32 to 323. 

Average protein quantity in cell lysates did not differ between HA treatment groups (2773.8 ± 

595.2 µg/mL in VLP group and 2440.4 ± 468.1 µg/mL in soluble HA group; p=0.70). The HA-

derived peptides averaged 18 amino acids (AA) and only ~10% had an ‘optimal’ length for 

MHC I loading (8-10 AA: Fig 3.4b) (27). This observation suggested that the lysates contained a 

mixture of optimally-trimmed peptides and immature peptides from the endoplasmic reticulum 

(ER)/endosome compartments still being processed and sorted for either presentation or 

degradation (28). 

 

3.5. DISCUSSION 

As bridges between innate and adaptive immune responses, ‘professional’ phagocytes 

such as macrophages are first-line defenders against invading pathogens (29). Among other 

activities, antigen uptake, processing and display by these cells contribute to both the strength 

and the pattern of the immune response. In this in vitro work, we focused on human MDMs that 

phenotypically and functionally resemble the inflammatory-type macrophages (30) implicated in 

orchestrating early responses to both influenza virus infection (31) and live-attenuated vaccine 

(32). Our goal was to better understand how these cells handle influenza HA proteins when 

delivered either as a soluble protein (i.e. the form found in most commercial influenza vaccines) 

or decorating the surface of 80-100 nm plant-derived VLPs. We have previously shown that 

these VLPs rapidly interact with human immune cells including B cells, monocytes and dendritic 

cells (10,11,16) and that early interactions with human MDMs (i.e. binding, internalization, entry 

into endosomes and fusion with endosomal membranes) are similar to what happens with wild-

type influenza virions (12). In the current work, we tracked intracellular handling by MDMs at 

much higher resolution and demonstrated that a large proportion of the HA delivered on these 

VLPs enter static and recycling endosomal pathways leading to MHC class I cross-presentation. 

Many factors contribute to how antigen-presenting cells (APCs) handle any given antigen 

including the dose and form of the antigen itself, the nature and activation state of the APCs as 

well as the microenvironment in which these processes occur. How the antigen first enters the 

cell can also strongly influence the outcome and APCs have many choices from ‘bulk’ processes 
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like phagocytosis and macropinocytosis or more controlled processes like CME or CIE. Antigens 

internalized through CME are usually delivered rapidly to maturing degradative endosomes that 

undergo quick acidification and fusion with lysosomes (33). The cleavage products of lysosomal 

proteases and peptidases are typically longer peptides (13-25 AA) appropriate for MHC II 

loading that leads to priming of CD4+ T cells and support of strong humoral responses (24). In 

our studies, H1-VLP-pulsed MDMs demonstrated substantially greater HA – MHC II 

colocalization that soluble H1-treated cells, suggested that the VLPs may favor, at least in part, 

MHC II-restricted presentation of HA-derived peptides. We also observed nearly complete 

disappearance of soluble H1 immunofluorescence at 45 minutes of pulsing the human MDMs, 

suggested predominant trafficking towards the highly degradative endolysosomal compartment. 

Such handling is certainly consistent with the observation that split virion influenza vaccines 

typically elicit strong antibody responses but little-to-no priming of CD8+ T cells and only 

limited cell-mediated immunity against influenza (6).  

In contrast, CIE often leads to homotypic fusion of caveolin-coated endocytic vesicles 

and formation of large caveosomes that can retain non-degraded antigenic material for long 

periods of time (34). Although the mechanisms are not yet fully understood, both static early 

endosomes (35) and non-acidified endosomes in the vacuolar pathway (27) have been reported to 

support cross-presentation. Phagocytosis and macropinocytosis typically result in internalization 

of large quantities of an antigenic material that may also favor cross-presentation and priming of 

CD8+ T cells (27,36). Although some of the HA-specific immunofluorescence was lost shortly 

after pulsing human MDMs with H1-VLPs, a substantial portion of the initial fluorescence was 

still detectable at 45 min and the ICCS analysis revealed striking increases in HA fluorescence 

intensity, cluster density and aggregation in the endosomes. The trafficking of the HA delivered 

on the plant-derived VLPs therefore appeared to be bidirectional: with a small portion moving 

rapidly into the high-degradative late endosome/endolysosome pathway (similar to soluble HA) 

while a substantial amount was retained in low-degradative compartments. At 45 min, both 

immunostaining and ICCS analysis demonstrated increasing colocalization of the VLP-HA with 

both Rab5+ (early static) and Rab11+ (recycling) low-degradative endosomes.(23,35) Nair-Gupta 

et al. have reported that recycling Rab11a+ endosomes represent a major intracellular pool for 

MHC I molecules (26), and colocalization of the VLP-delivered HA with MHC I in these low-
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degradative compartments increased almost 3-fold between 15 and 45 minutes after the MDMs 

were pulsed.  

Although our imaging studies provided good evidence for HA-VLP delivery into 

endosomal compartments that favor antigen cross-presentation, direct proof of HA processing by 

the human MDMs leading to the generation of MHC I-associated peptides was missing. MS-

based immunopeptidome studies have historically required billions of cells to obtain sufficient 

numbers of MHC molecules for efficient detection of MHC-associated peptides (37). One 

consequence of this technical limitation is that most MS-based immunopeptidome work has 

focused on immortalized cell lines or animal cells (38,39). Recent improvements in MS 

technology combined with nano-flow chromatography now offer better sensitivity for the 

detection of MHC-associated peptides from relatively small numbers of cells. In our study, the 

use of a recently developed nanospray ion source with a constant flow of dopant gas permitted 

enhanced ionization and more efficient detection of MHC I peptides from only 3–10 million 

MDMs. The Maxis II mass spectrometer used in this study also has a unique hardware 

configuration that allows very high transmission of peptides into the collision cell enabling the 

detection of a wide range of peptides of various lengths (40). Our data unambiguously show that 

cross-presentation of HA peptides by human macrophages is possible when the HA is delivered 

by plant-derived VLPs. So far, MHC I-restricted presentation of influenza virus-derived peptides 

was thought to require infection or administration of the live attenuated vaccine, involving viral 

replication (3,4). 

Internal (structural) proteins of influenza viruses (i.e. NP, PB1, M1) are thought the 

principle targets of the human CD8+ T cell response (3) and only a limited number of influenza 

HA-derived MHC I-restricted peptides have been reported to date (41,42). We were therefore 

surprised to find 115 HA-derived peptides from the VLP-pulsed MDMs, 8 of which were 

identified in more than one donor (Suppl. Table 3.2). Among previously described 17 HA-

derived human MHC I-restricted epitopes (43), 4 peptides (23%) were fully overlapping with up 

to three unique AA sequences identified in our study. Since we used unfractionated cell lysates 

containing MHC I molecules from the cell surface as well as those present in endosomes and the 

ER-Golgi compartment, it was not unexpected that many of the HA-derived peptides identified 

were longer than the 8-10 AA thought to be optimal for MHC I loading (27). It is likely that the 

longer peptides immunoprecipitated with MHC I were destined either for further trimming to 
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achieve a better fit in the MHC I peptide binging groove or for degradation (28,44). Together, 

the imaging and MS results presented herein collectively suggest that influenza HA delivery to 

human MDMs in the form of VLPs can result in cross-presentation.  

These plant-derived influenza vaccines have moved rapidly through clinical trials, 

demonstrating strong antibody responses as well as poly-functional CD4+ T cell responses to 

both homotypic and heterotypic viruses (8,14,15). The potential for these vaccines to induce 

CD8+ T cells has been demonstrated in mice (16) and studies are on-going to determine whether 

or not similar responses can be elicited in humans. Although conserved T cell epitopes from 

influenza core proteins have attracted the most attention to date (3,42), several human CD8+ 

epitopes have been identified in the HA proteins of both seasonal and avian influenza strains 

(45,46) and our data suggest that many more may exist. A non-living vaccine that can induce 

strong antibody production as well as both CD4+ and CD8+ T cell responses might have 

significant advantages over currently licensed products (47). 

 

3.6. MATERIALS AND METHODS 

 

3.6.1. Plant-made VLP bearing influenza hemagglutinin 

The VLPs produced in N. benthamiana were kindly provided by Medicago Inc. (Quebec, 

QC) and were manufactured as previously described (8,9). The influenza HA protein was based 

on the sequence of A/California/07/2009 H1N1 virus. Recombinant soluble H1 protein (Immune 

Technology, New York, NY) was used as a control. 

 

3.6.2. Monocyte-derived macrophages (MDMs)  

MDMs were differentiated from human peripheral blood mononuclear cells (PBMCs) 

isolated from healthy donors between the ages of 23-47. All studies with human cells were 

carried out with approval from the Research Ethics Committee of the McGill University Health 

Centre. Written informed consent was obtained from all donors prior to blood drawing. PBMCs 

were separated from whole blood by centrifugation using SepMate-50 tubes (STEMCELL, 

Vancouver, BC). Monocytes were isolated by negative selection using magnetic microbeads 

according to the manufacturer’s instructions (EasySep Human Monocyte Enrichment Kit, 

STEMCELL). Monocytes were cultured in RPMI-1640 with 50 IU/mL penicillin, 50 µg/mL 
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streptomycin and 10 mM HEPES (medium) supplemented with 10% fetal bovine serum (FBS, 

all from Wisent, Saint-Jean-Baptiste, QC) and 20 ng/mL recombinant human macrophage 

colony-stimulating factor (Gibco, Frederick, MD) for 7 days.  

 

3.6.3. VLPs endocytosis assessment based on fluorescence dequenching 

VLPs were stained with DiD (Thermo Fisher Scientific, Eugene, OR) at 20µg/mL for 30 

minutes at room temperature (RT), and then purified from free dye using gel filtration columns 

(PD MiniTrap G-25, GE Healthcare, Buckinghamshire, UK). MDMs were detached from plastic 

plate surface using Accutase Cell Detachment Solution (BioLegend, San Diego, CA) and plated 

on 96-well Nunclon Delta black flat-bottom plates (Thermo Fisher Scientific, Roskilde, 

Denmark) at 5 x 104 cells/well. The following day, MDMs were exposed to DiD-labelled VLPs 

(HA concentration 15.0 µg/mL) at 4°C for one hour. Endocytosis inhibitors were applied in ice-

cold medium supplemented with 10% FBS: dynasore hydrate 50 µM, genistein 200 µM, 

amiloride hydrochloride 1 mM, cytochalasin D 4 µM (all from Sigma-Aldrich, St. Louis, MO). 

DiD fluorescence was measured with pre-heated (37°C) spectrophotometer (Infinite 200 PRO, 

Tecan, Männedorf, Switzerland) at 15-min intervals over two hours. Fusion efficiency was 

determined following the addition of Triton X-100 (Sigma-Aldrich) to each well (final 

concentration 1%) to obtain full DiD dequenching.  

 

3.6.4. Immunostaining and confocal microscopy 

MDMs were exposed to H1-VLPs or soluble H1 at concentration 15 µg/mL (by HA 

content) in 5% CO2 incubator at 37°C for 5, 10, 15 or 45 min. Endocytosis inhibitor 

chlorpromazine hydrochloride (10 µg/mL, Sigma-Aldrich) or genistein (200 µM) were applied 

30 min prior to adding H1-VLPs or soluble H1, and the duration of HA exposure was 15 min. 

Transferrin (human) CF568 conjugate (Biotium, Fremont, CA) was mixed with either H1-VLPs 

or soluble H1 (both transferrin and HA concentrations 15 µg/mL), and the mixture was applied 

to the MDMs for 15 min (5% CO2, 37°C). In the pulse-exposure experiments, MDMs were 

exposed to H1-VLPs or soluble H1 for 15 min, and then the supernatant was replaced by 

medium and kept for another 30 min at 5% CO2 and 37°C. MDMs were fixed with 4% 

methanol-free formaldehyde (Thermo Fisher Scientific, Rockford, IL), blocked and 

permeabilized with 5% goat and 5% donkey serum (both from EMD Millipore Corporation, 



139 
 

Darmstadt, Germany) in 0.3% Triton X-100. HA immunostaining was performed using mouse 

anti-H1 antibody (clone IVC102, Meridian Life Science, Memphis, TN). Endosomal proteins 

were visualized with rabbit anti-Rab5 (clone C8B1), anti-Rab7 (clone D95F2), anti-Rab11 (clone 

D4F5) antibodies (all from Cell Signaling Technology, Danvers, MA), anti-HLA-DPB1 (clone 

EPR11226) from Abcam (Cambridge, MA) or anti-HLA-A antibody (clone EP1395Y) from 

GeneTex (Irvine, CA). Secondary donkey anti-mouse Alexa Fluor 488 and goat anti-rabbit Alexa 

Fluor 647 antibodies (both from Thermo Fisher Scientific) were applied for one hour at RT. 

NucBlue Live ReadyProbes Reagent – 4',6-diamidino-2-phenylindole (DAPI, Thermo Fisher 

Scientific) used to stain cell nuclei. A laser scanning confocal microscope (Zeiss LSM780, RI-

MUHC Molecular Imaging Core Facility, Montreal, QC) was used in all imaging experiments. 

Fluorescence intensity after cell-based segmentation of the images was quantified using ImageJ 

software (48).  

 

3.6.5. Quantitative image analysis 

The fluorescence fluctuation analysis method image cross-correlation spectroscopy 

(ICCS) was applied to evaluate the HA endosomal distribution and the degree of HA 

colocalization with endosomal proteins as previously described (19,20). In brief, ICCS measures 

molecular concentrations and interaction fractions based on correlation analysis of fluorescence 

fluctuations detected from imaged biomolecules as a function of space across an image. 

Automatic thresholding of fluorescence intensity via Otsu’s method was applied to identify the 

high intensity HA-positive endosomal area in images. The number of HA particles per µm2, the 

HA fluorescence intensity and the aggregation state of HA particles in the HA-positive 

endosomal area per cell can be calculated from the spatial autocorrelation function of the 

fluorescence intensity fluctuations in an image from a single detection channel. Particles formed 

by endosomal proteins of interest (Rab5, Rab7, Rab11 and MHC I) were also identified. 

To evaluate the colocalization between HA and specific endosomal proteins, we 

calculated the spatial cross-correlation function from the fluorescence intensity fluctuations 

between images recorded in two different wavelength detections channels (expressed as (i) 

number of colocalized HA particles per µm2 and (ii) fraction of interacting HA particles) in two-

color images. 
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3.6.6. Electron microscopy (EM) 

MDMs were exposed to H1-VLPs or soluble H1 at concentration 15 µg/mL (by HA 

content) in 5% CO2 incubator at 37°C for 5 min before fixation with 2.5% glutaraldehyde (EMS 

Inc., Hatfield, PA). Samples for nanogold immuno-labeling were initially fixed with 2% 

methanol-free formaldehyde (15 min at RT) and permeabilized/blocked with 0.2% Triton X-100 

plus 1% goat serum for 5 min on ice. Primary rabbit anti-clathrin (clone D3C6) or anti-caveolin-

1 (clone D46G3) antibodies (both from Cell Signaling Technology) were applied overnight at 

4°C. Secondary nanogold-conjugated goat anti-rabbit antibody (Nanoprobes, Yaphank, NY) was 

applied in 1% non-fat dried milk, and then cells were fixed with 2.5% glutaraldehyde. Samples 

were washed with 0.1 M sodium cacodylate (EMS Inc.). Cells were silver-enhanced for 30 s 

using HQ Silver enhancement kit (Nanoprobes). Post-fixation was done in 1% osmium tetroxide 

(EMS Inc.) containing potassium ferrocyanide (Fisher Scientific, Pittsburgh, PA). Cells were 

dehydrated with 0-100% ethanol and progressively embedded in EPON resin (EMS Inc.). The 

samples were sectioned and imaged with a Tecnai T12 microscope (FEI Inc., Hillsboro, OR). 

 

3.6.7. Mass spectrometry analysis 

MDMs were exposed to either H1-VLPs or soluble H1 at HA concentration 15 µg/mL in 

5% CO2 incubator at 37°C for 16 h. Cells were lysed (1 h, 4°C) with a buffer containing 4% NP-

40 Surfact-Amps™ (Thermo Fisher Scientific), 50 mM Tris-HCl (pH 7.0), 150 mM NaCl and 

protease inhibitors (Pierce™ Protease Inhibitor Mini Tablets, Thermo Fisher Scientific). Lysate 

total protein concentration was determined using Pierce™ BCA Protein Assay (Thermo Fisher 

Scientific). MHC I–peptide complexes were immunoprecipitated using Dynabeads™ protein G 

immunoprecipitation kit (Thermo Fisher Scientific) and anti-human HLA-A,B,C antibody (clone 

W6/32, BioLegend, 10 µg per 500 µL lysate, 45 min, 4°C). Dynabeads™-antibody-antigen 

complexes were washed three times, transferred into clean tubes, and the peptides were eluted 

with 10% acetic acid (70°C, 15 min). The immunoprecipitation eluate was cleaned on a C18 

solid-phase extraction Macro Spin column (Harvard Apparatus, Holliston, MA) using water and 

methanol following manufacturer’s instructions, and evaporated to dryness under vacuum (37°C, 

120 min). Samples were reconstituted in 0.1% formic acid (60 μL) and injected (20 μL) onto a 

Maxis II (Bruker, Billerica, MA) high-resolution quadrupole-time of flight tandem mass 

spectrometer equipped with a Dionex UltiMate 3000 (Thermo Fisher Scientific, Waltham, MA) 
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ultra-high-performance liquid chromatography (UHPLC) system using an Acclaim PepMap 300 

RSLC C18 2 μm 100 Å 150 x 0.075 mm UHPLC column (Thermo Fisher Scientific) with water 

(A) and acetonitrile (B) both containing 0.1% formic acid at a flow rate of 0.3 μL/min (50°C). 

Elution gradient started at 5% B, was held for 3 min, then increased to 35% at 73 min, 55% at 90 

min, and 80% at 95 min. MS spectra were acquired at m/z 400–2200 and MS/MS spectra were 

recorded at m/z 150–2200 using collision-induced dissociation (CID) activation in Auto MS/MS 

mode with a collision energy of 21–55 eV depending on precursor ion m/z value and charge state 

(z). Ions with z = 2–5 were preferred whereas singly charged ions were excluded. Redundant ions 

were also excluded for 2 min. Acquisition time was 0.5 s for MS and 0.06–0.25 s for each 

MS/MS scan depending on precursor ion signal intensity, with a total cycle time of 3.0 s. 

CaptiveSpray (Bruker) nanospray ionization source operated in positive mode with a capillary 

voltage of 1.8 kV. To enhance ionization, a continuous flow of nitrogen and vaporized 

acetonitrile (as dopant) was injected into the ion source during the analysis using a nanoBooster 

module (Bruker). Nitrogen (99.5% pure) was used as dry gas (150°C) at a flow rate of 3.0 L/min. 

Samples were analyzed in duplicate. 

 

3.6.8. Analysis of proteomics data 

Mass spectra were imported into the MaxQuant software (49) and searched against an in-

house influenza A virus (A/California/07/2009(H1N1)) hemagglutinin FASTA file including six 

UniProt-TrEMBL identifiers: C3W627, C3W5X2, I6T4Z8, R9RVT8, U3M8B4, U3M8F8. An 

unspecific search was conducted for peptides with a length of 5–20 residues at 0.01 false-

discovery rate (FDR). Methionine oxidation and N-terminal acetylation were defined as variable 

modifications. A posterior error probability (PEP) threshold of 0.01 was set for all MaxQuant 

searches. To account for LC retention shifts, the ‘match between runs’ option was enabled with a 

match time window of 0.7 min and an alignment time window of 20 min. Only hits with a 

protein score > 30 were accepted.  

 

3.6.9. Statistical analysis 

Statistical analysis was performed using GraphPad Prism 6.0 software. One-way analysis 

of variance (ANOVA) followed by Tukey's multiple comparisons post-test were used to examine 

the differences between samples. P values < 0.05 were considered statistically significant. 
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3.6.10. Availability of data 

The datasets generated during and/or analyzed during the current study are available from 

the corresponding author on reasonable request. The mass spectrometry proteomics data have 

been deposited to the ProteomeXchange Consortium via the PRIDE partner repository (50) with 

the dataset identifier PXD010519. 
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3.9. TABLE 

 

Table 3. 1. Mass spectrometry analysis of HA-derived peptides from H1-VLP or soluble 

H1-treated MDMs obtained from four donors 

Parameters Donor A Donor B Donor C Donor D 

HA treatment soluble H1 - soluble H1 soluble H1 

Total protein amount, µg 2397 - 1652 3272 

Sequence coverage (%) 0 - 0 0 

Protein score 0 - 0 0 

# MS/MS spectra 0 - 0 0 

# peptides 0 - 0 0 

HA treatment H1-VLPs H1-VLPs H1-VLPs H1-VLPs 

Total protein amount, µg 2653 1444 2658 4340 

Sequence coverage (%) 61 12 30 89 

Protein score 32 75 152 323 

# MS/MS spectra 29 11 16 84 

# peptides 25 10 14 66 

 

 

  



149 
 

3.10. FIGURES AND FIGURE LEGENDS 

 

(legend on next page) 
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Figure 3. 1. Mechanisms of H1-VLPs and soluble H1 internalization by human MDMs  

(a) Number of endocytic vesicles in MDMs exposed to H1-VLPs or soluble H1 for 5 min, 

normalized against the baseline count (taken as 1, dotted line). Data from two experiments were 

analyzed. (b) HA internalization by MDMs exposed to either H1-VLPs or soluble H1 for 15 min. 

The amount of internalized protein was evaluated by the intensity of HA immunofluorescence 

per cell area on confocal microscopy images. Based on 4 experiments. (c) Effect of endocytosis 

inhibitors on DiD dequenching by MDMs loaded with DiD-labelled H1-VLPs (at 2 hours). Data 

from 3 experiments were analyzed. (d) Effect of chlorpromazine and genistein on H1-VLPs or 

soluble H1 internalization by MDMs upon 15 min of exposure. The amount of internalized 

protein evaluated by the intensity of HA immunofluorescence per cell area on confocal 

microscopy images. Based on 6 experiments. (e) Colocalization of HA and transferrin in MDMs 

exposed to H1-VLPs and transferrin (left) or soluble H1 and transferrin (center), and 

segmentation ICCS colocalization (number of colocalized particles per µm2 - right). 

Representative images from 3 experiments shown. Scale bar – 10 µm. Green: fluorescently 

labeled HA, red: transferrin conjugated with CF568 fluorophore (yellow shows colocalization of 

two proteins), blue: nuclei stained with DAPI. (f) Representative EM image with nanogold 

immunolabelled clathrin (left). Open arrows indicate clathrin-coated endocytic vesicles. 

Representative EM image with nanogold immunolabelled caveolin-1 (right). Open arrows 

indicate caveolin-coated endocytic vesicles. Solid arrows indicate unlabeled clathrin-coated 

endocytic vesicles with typical clathrin spikes. Scale bar – 500 nm. * p<0.05, ** p<0.01, **** 

p<0.0001. n.s.: nonsignificant. 
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(legend on next page) 
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Figure 3. 2. Intracellular HA distribution in human MDMs exposed to H1-VLPs or soluble 

H1  

(a) HA internalization and degradation by MDMs pulsed with either H1-VLPs or soluble H1. 

The amount of internalized protein evaluated by the intensity of HA immunofluorescence per 

cell area on confocal microscopy images. Data from 9 experiments were analyzed. (b) 

Segmentation ICCS analysis of the HA endosomal distribution in MDMs pulsed (15 min) with 

either H1-VLPs or soluble H1 shows HA fluorescence intensity (top), cluster density (number of 

fluorescent particles per µm2 - middle) and degree of HA aggregation (bottom). Based on 7 

experiments. * p<0.05, *** p<0.001, **** p<0.0001. 
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(legend on next page) 
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Figure 3. 3. Segmentation ICCS analysis of HA colocalization with Rab proteins and MHC 

II  

(a) HA colocalization (number of colocalized particles per µm2 - left) and colocalized fraction of 

HA (right) with Rab5 (top), Rab11 (middle) and Rab7 (bottom) are presented. Based on 3 or 

more experiments for each condition. (b) HA colocalization (number of colocalized particles per 

µm2 - left) and colocalized fraction of HA (right) with MHC II are presented. Based on two 

experiments. ** p<0.01, *** p<0.001, **** p<0.0001. 
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Figure 3. 4. HA cross-presentation by human MDMs exposed to H1-VLPs  

(a) Segmentation ICCS analysis of HA colocalization with MHC I. The colocalization (number 

of colocalized particles per µm2 - left) and colocalized fraction of HA (right) with MHC I 

presented. Based on 3 experiments. ** p<0.01, **** p<0.0001. (b) Cumulative curve shows the 

distribution by length (number of amino acids) of the HA-derived peptides detected from H1-

VLP-treated MDMs. 
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Supplemental Materials and Methods 

 

Endocytosis inhibitors screening  

A number of endocytosis inhibitors were screened based on their effect on virus-like 

particles (VLPs) internalization measured by 1,1'-dioctadecyl-3,3,3',3'-

tetramethylindodicarbocyanine perchlorate (DiD - Thermo Fisher Scientific, Eugene, OR) 

fluorescence dequenching upon VLP fusion with cell membranes. H1-VLPs (influenza 

hemagglutinin (HA) protein based on the sequence of A/California/07/2009 H1N1 virus, 

Medicago Inc., Quebec, QC) were labelled with DiD (see Materials and methods section of the 

manuscript). B10R cell culture (an immortalized murine bone marrow-derived macrophage cell 

line) was maintained in RPMI-1640 with 50 IU/mL penicillin, 50 µg/mL streptomycin and 10 

mM HEPES (medium) supplemented with 10% fetal bovine serum (FBS, all from Wisent, Saint-

Jean-Baptiste, QC) until reaching cell confluency. B10R cells were detached from plastic flask 

surface using 0.25% trypsin/2.21 mM EDTA in HBSS (Wisent) and plated on 96-well Nunclon 

Delta black flat-bottom plates (Thermo Fisher Scientific, Roskilde, Denmark) at 5 x 104 cells per 

well. The following day, B10R cells in triplicate wells were exposed to DiD-labelled VLPs in the 

medium (HA concentration 15.0 µg/mL); plates were kept at 4°C for one hour and then washed 

with ice-cold medium twice. Endocytosis inhibitors were applied in ice-cold medium 

supplemented with 10% FBS (100 µL/well): dynasore hydrate (50 µM), chlorpromazine 

hydrochloride (10 µg/mL), sucrose (0.45 M), pitstop 2 (25 µM), genistein (200 µM), filipin III 

from Streptomyces filipinensis (5 µg/mL), amiloride hydrochloride (1 mM), cytochalasin D (4 

µM) (all from Sigma-Aldrich, St. Louis, MO). Pitstop 2 was also tested at the same 

concentration in serum-free medium. The plates were placed into a pre-heated (37°C) 

spectrophotometer (Infinite 200 PRO, Tecan, Männedorf, Switzerland), and DiD fluorescence 

was measured at 15-min intervals over 2 h. Fusion efficiency (%) was determined following 

addition of Triton X-100 (Sigma-Aldrich) to each well (final concentration 1%) to obtain full 

DiD dequenching.  

 

Toxicity assessment of endocytosis inhibitors 

B10R cell culture was maintained in the medium supplemented with 10% FBS until 

reaching cell confluency. B10R cells were detached from plastic flask surface using 0.25% 
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trypsin/2.21 mM EDTA in HBSS and plated on 96-well Nunclon Delta black flat-bottom plates 

at 5 x 104 cells per well. The following day, endocytosis inhibitors (see the endocytosis inhibitors 

screening section and the Supplemental Table 3.1) in the medium supplemented with 10% FBS 

were applied to B10R cells in triplicate wells in a volume 100 µL/well (5% CO2, 37°C for 2 h). 

Pitstop 2 was also tested in serum-free medium. 0.01% solution of Triton X-100 served as a 

positive control. The effects of endocytosis inhibitors on B10R cells viability were evaluated in 

parallel experiments with the CytoTox-ONE™ homogeneous membrane integrity assay and the 

CellTiter-Glo® 2.0 assay (both from Promega, Madison, WI). Cell membrane integrity was 

assessed by lactate dehydrogenase (LDH) release. CytoTox-ONE™ reagent (100 µL/well) was 

applied for 10 min at RT. Stop solution (50µl) was then added to each well, and the fluorescence 

was measured on Infinite 200 PRO spectrophotometer at excitation and emission wavelengths 

560 and 600 nm, respectively. The results were reported as a % of the maximum LDH release 

caused by adding lysis solution to the control wells. The effects of endocytosis inhibitors on 

metabolically active cells were quantitated by the amount of ATP with CellTiter-Glo® 

luminescent cell viability assay. CellTiter-Glo® 2.0 reagent (100 µl/well) was applied for 10 min 

at RT. Luciferase luminescence was measured on Infinite 200 PRO spectrophotometer. The 

results were reported as a % of ATP level reduction compared to control wells unexposed to any 

endocytosis inhibitor. 

 

Conventional image analysis  

Confocal microscopy images were analyzed with ImageJ software (1) for the purpose of 

evaluation the fluorescence intensity of immunolabelled HA or fluorophore-conjugated 

transferrin, or for the assessment of colocalization of HA with endosomal markers Rab5, Rab7 

and Rab11 as described elsewhere (2). In brief, to analyze the HA or transferrin fluorescence 

intensity per cell area we identified cellular boundaries on the brightfield channel, and used them 

to establish the regions of interest (ROIs) on the fluorescent channel(s). Then we determined the 

background fluorescence intensity in each experiment by averaging the values obtained from 

cells in the control sample (for HA: monocyte-derived macrophages (MDMs) unexposed to HA 

but stained with anti-HA primary and fluorescent secondary antibody; for transferrin: MDMs 

unexposed to transferrin). The average background fluorescence intensity was subtracted from 

the fluorescence values measured from HA or transferrin-exposed cells. For ‘cell-based’ 
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colocalization analysis, both ‘green’ and ‘red’ channels were denoised with ImageJ PureDenoise 

plugin (3), then image background was subtracted with the ‘rolling ball’ algorithm (4). HA 

colocalization with endosomal markers was determined within cell boundaries-defined ROIs (see 

above) using Colocalization Threshold plugin (5); Costes thresholding approach was applied (6). 

Pearson correlation coefficient R, Pearson coefficient for pixels whose intensity falls above a 

threshold value R (>t), and Manders above threshold colocalization coefficients tM1 and tM2 

were analyzed (2,7,8). 
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Supplemental Table 3. 1. Endocytosis inhibitors used in screening experiments and their suggested mechanism of action 

Inhibitor of 

endocytosis 

Tested 

concentration / 

condition 

Suggested mechanism of action Toxicity 

Dynamin-dependent endocytosis 

Dynasore 50 µM Non-competitive and reversible inhibitor of GTPase activity of 

dynamin.(9) Dynasore suppresses both CME and CIE (10,11).  

Non-toxic 

Clathrin-mediated endocytosis (CME) 

Chlorpromazine 10 – 100 µg/mL Not well understood. It has been suggested that chlorpromazine causes 

AP-2 and clathrin relocation from plasma membrane to endosomal 

membranes and therefore depletes AP-2 and clathrin from the plasma 

membrane and prevents clathrin-coated endocytic vesicles formation 

(12). Chlorpromazine probably affects dynamin activity (13). 

Non-toxic at 10 

µg/mL. Toxicity 

observed at higher 

concentrations 

Hyperosmotic 

sucrose 

0.45 M Not well understood. It has been suggested that hyperosmolarity leads to 

trapping clathrin in ‘microcages’ and depleting it from plasma 

membrane (14). 

Greatly reduced 

ATP level in cells 

Pitstop 2 25 µM 

(applied in 

serum-free or 

10% FBS 

supplemented 

medium) 

Not well understood. Pitstop 2 was developed as cell-permeable 

selective CME inhibitor (15). However, later pitstop 2 has been shown to 

potently inhibit CIE (16,17). 

Toxic in serum-free 

medium 

(recommended use 

due to sequestering 

by serum albumins) 

Clathrin-Independent Endocytosis 

Genistein 200 µM 

 

Tyrosine-kinase inhibitor (18). Phosphorylation of tyrosine at caveolin-1 

is the prerequisite for pinching off caveolar vesicles from plasma 

membrane (19). 

Non-toxic 

Filipin III 5 µg/mL Cholesterol depleting and lipid-raft disrupting agent (20). Moderate 

cytotoxicity and 

massive ATP level 

reduction. 

Macropinocytosis 
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Amiloride 1 mM Inhibition of Na+/H+ exchange leads to lowering submembranous pH 

and preventing Rac1 and Cdc42 signaling that is essential for actin 

remodeling (21). 

Non-toxic 

Phagocytosis / macropinocytosis 

Cytochalasin D 4 µM Blocking of actin polymerization, disassembly of actin cytoskeleton 

(22,23). 

Non-toxic 
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Supplemental Table 3. 2. HA-derived peptides associated with major histocompatibility complex (MHC) I identified in MDM 

lysates using high-resolution tandem mass spectrometry analysis 

## Sequence * Length Mass 
Start 

position 

End 

position 

Charge 

state 
PEP 

MS/MS 

Count 
Sample 

1 AILVVLLYTFATANADTLCI 20 2124.1541 3 22 2 0.01 2 D 

2 VVLLYTFATANADTLCIGYH 20 2184.0925 6 25 3 0.01 1 D 

3 LYTFATANADTLCIGYHANN 20 2171.9946 9 28 3 0.01 1 D 

4 LCIGYHA 7 775.3687 20 26 2 0.01 1 B 

5 LCIGYHANNSTDTVDTVLEK 20 2192.0419 20 39 3 0.01 1 D 

6 CIGYHAN 7 776.3276 21 27 2 0.01 1 B 

7, 8 GYHANNSTDTVDTVLEKNVT 20 2177.0237 23 42 3 0.01 3(A), 2(D) A, D 

9, 10 DTVLEKNVTVTHSVNLLEDK 20 2253.1852 34 53 3(A), 2(D) 0.01 1 A, D 

11 LEDKHNGKLCKLRGVAPLHL 20 2240.2576 50 69 3 0.01 1 D 

12 GKLCKLRGVAPLHLGK 16 1689.0236 56 71 3 0.01 1 C 

13 LRGVAPLHLGKCNIAGWILG 20 2087.1826 61 80 2 0.01 1 A 

14 PLHLGKC 7 766.4160 66 72 2 0.01 1 B 

15 LGNPECESLSTASSWSYIVE 20 2170.9729 79 98 3 0.01 1 D 

16 LSTASSWSY 9 1000.4502 87 95 2 0.00 1 A 

17 TASSWSYIVETPSSDNGTCY 20 2166.9052 89 108 3 0.01 1 D 

18 SWSYIVETPSSDNGTCYPGD 20 2176.8895 92 111 2 0.01 2 A 

19 VETPSSDNGTCYPGDFIDYE 20 2207.8841 97 116 3 0.01 1 D 

20 ETPSSDNGTCYPGDFIDYEE 20 2237.8583 98 117 3 0.01 1 A 

21 PSSDNGT 7 676.2664 100 106 2 0.01 1 B 

22 PSSDNGTCYPGDFIDYEELR 20 2276.9532 100 119 3 0.01 1 D 

23 CYPGDFI 7 813.3367 107 113 2 0.01 1 B 

24 YEELREQLSSVSSFERFEIF 20 2494.2016 115 134 3 0.01 1 A 

25 VSSFERFEIFPKTSSWPNHD 20 2409.1390 125 144 3 0.01 1 D 

26 RFEIFPKTSSWPNHDSNKGV 20 2345.1553 130 149 2 0.01 1 D 

27 SSWPNHDSNKGVTAACPHAG 20 2034.8966 138 157 3 0.01 2 D 
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28 SNKGVTAACPHAGAKSFYKN 20 2050.0054 145 164 3 0.01 1 D 

29 KGVTAACPHAGAKSFYKNLI 20 2075.0986 147 166 3 0.01 1 D 

30 HAGAKSF 7 716.3606 155 161 2 0.01 2 B 

31 AKSFYKNLIWLVKKGNSYPK 20 2383.3416 158 177 3 0.01 2 D 

32 NLIWLVKKGNSYPKLSKSYI 20 2350.3413 164 183 3 0.01 2 D 

33 IWLVKKGNSYPKLSKS 16 1847.0669 166 181 2 0.01 1 C 

34 WLVKKGNSYPKLSKSYINDK 20 2367.2951 167 186 3 0.01 1 D 

35 VKKGNSYPKLSKSYINDKGK 20 2253.2481 169 188 3 0.01 1 A 

36 KLSKSYINDKGKEVLVLWGI 20 2289.3097 177 196 3 0.01 2 D 

37 SKSYINDKGKEVLVLWGIHH 20 2322.2485 179 198 3 0.01 1 D 

38 NDKGKEVLVLWGIHHPPTSA 20 2197.1644 184 203 3 0.01 1 A 

39 DKGKEVLVLWGIHHPSTSAD 20 2188.1277 185 204 3 0.01 1 A 

40 EVLVLWGIHHPSTSADQQSL 20 2216.1226 189 208 3 0.01 1 D 

41 LWGIHHPSTSADQQSLYQNA 20 2252.0610 193 212 3 0.01 1 D 

42 PSTSADQ 7 704.2977 199 205 2 0.01 1 B 

43 LYQNADAYVFVGSSRY 16 1851.8792 208 223 3 0.01 1 C 

44 YVFVGSSRYSKKFKPEIAIR 20 2374.3161 215 234 3 0.01 2 D 

45 VFVGSSRYSKKFKPEIAIRP 20 2308.3056 216 235 3 0.01 3 D 

46 SSRYSKKFKPEIAIRPKVRD 20 2404.3703 220 239 3 0.01 1 D 

47 SRYSKKFKPEIAIRPKVRDR 20 2473.4394 221 240 3 0.01 1 A 

48 RYSKKFKPEIAIRPKVRDRE 20 2515.4499 222 241 3 0.01 1 D 

49 SKKFKPEIAIRPKVRD 16 1911.1418 224 239 3 0.01 3 C 

50 KFKPEIAIRPKVRDREGRMN 20 2439.3645 226 245 3 0.01 1 D 

51 KPEIAIRPKVRDQEGR 16 1891.0752 228 243 3 0.01 1 C 

52 IRPKVRDREGRMNYYWTLVE 20 2580.3383 233 252 3 0.01 1 D 

53 RDREGRMNYYWTLVEPGDKI 20 2497.2172 238 257 3 0.01 1 D 

54 PGDKITFEATG 11 1134.5557 253 263 3 0.00 1 B 

55 ATGNLVVPRYAFAMERNAGS 20 2123.0582 261 280 2 0.01 1 A 

56, 57 YAFAMERNAGSGIIISDTPV 20 2111.0357 270 289 2 0.01 1 A, D 

58 FAMERNAGSGIIISDTPVHD 20 2129.0212 272 291 2 0.01 1 D 
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59 AGSGIIISDTPVHDCNTTCQ 20 2030.9037 278 297 3 0.01 1 D 

60 SGIIISDTPVHDCNTTCQTP 20 2100.9456 280 299 3 0.01 1 A 

61, 62 SDTPVHDCNTTCQTPKGAIN 20 2100.9205 285 304 2(A), 3(D) 0.01 1 A, D 

63 TPVHDCNTTCQTPKGAINTS 20 2086.9412 287 306 3 0.01 1 A 

64 KGAINTSLPFQNIHPI 16 1748.9574 300 315 2 0.01 1 C 

65 GAINTSLPFQNIHPITIGKC 20 2123.1197 301 320 3 0.01 1 A 

66 PITIGKCPKYVKSTKL 16 1775.0379 314 329 3 0.01 1 C 

67 YVKSTKLRLATGLRNI 16 1832.0996 323 338 3 0.01 1 C 

68 YVKSTKLRLATGLRNIPSIQ 20 2257.3270 323 342 3 0.01 1 D 

69 TKLRLATGLRNIPSIQ 16 1780.0683 327 342 3 0.01 1 C 

70 RLATGLRNIP 10 1109.6669 330 339 2 0.00 1 C 

71 LATGLRNIPSIQSRGLFGAI 20 2083.1902 331 350 3 0.01 1 D 

72 RNIPSIQSRGLFGAIAGFIE 20 2145.1695 336 355 3 0.01 1 D 

73 IPSIQSRGLFGAIAGFIEGG 20 1989.0684 338 357 2 0.01 1 D 

74 SIQSRGLFGAIAGFIEGGWT 20 2066.0585 340 359 3 0.01 1 D 

75, 76 LFGAIAGFIEGGWTGMVDGW 20 2082.9873 346 365 3 0.01 1(A), 6(D) A, D 

77 IAGFIEGGWTGMVDGWYGYH 20 2214.9833 350 369 3 0.01 1 D 

78 GFIEGGWTGMVDGWYGYHHQ 20 2295.9796 352 371 3 0.01 1 D 

79 GYHHQNEQGSGYAADLKSTQ 20 2189.9726 367 386 3 0.01 1 A 

80 STQNAIDEITNKVNSVIEKM 20 2233.1260 384 403 3 0.01 1 D 

81 FTAVGKEFNHLEKRIENLNK 20 2386.2757 407 426 3 0.01 1 D 

82 EFNHLEKRIENLNKKVDDGF 20 2444.2448 413 432 3 0.01 1 D 

83 FNHLEKRIENLNKKVDDGFL 20 2428.2863 414 433 3 0.01 1 D 

84 LEKRIEN 7 900.5029 417 423 3 0.01 1 B 

85, 86 NKKVDDGFLDIWTYNAELLV 20 2352.2002 425 444 3 0.01 1 A, D 

87 VDDGFLDIWTYNAELLVLLE 20 2337.1780 428 447 3 0.01 1 D 

88 DDGFLDIWTYNAELLVLLEN 20 2352.1525 429 448 2;3 0.01 2 D 

89 DIWTYNAELLVLLENERTLD 20 2419.2271 434 453 3 0.01 1 D 

90 LVLLENERTLDYHDSN 16 1929.9432 443 458 3 0.01 1 C 

91, 92 LLENERTLDYHDSNVKNLYE 20 2464.1870 445 464 2 0.01 1 A, D 
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93 LDYHDSNVKNLYEKVRSQLK 20 2448.2761 452 471 3 0.01 1 D 

94 SNVKNLYEKVRSQLKNNAKE 20 2361.2765 457 476 2 0.01 1 D 

95 VKNLYEKVRSQLKNNA 16 1903.0639 459 474 2 0.01 1 C 

96 RSQLKNNAKEIGNGCFEFYH 20 2354.1226 467 486 3 0.01 1 D 

97 NNAKEIGNGCFEFYHKCDNT 20 2302.9736 472 491 3 0.01 2 D 

98 GNGCFEFYHKCDNTCMESVK 20 2310.9166 478 497 2 0.01 1 D 

99 EFYHKCDNTCMESVKNGTYD 20 2382.9555 483 502 2 0.01 1 D 

100 CDNTCMESVKNGTYDYPKYS 20 2316.9337 488 507 3 0.01 1 A 

101 TCMESVK 7 796.3459 491 497 2 0.01 1 B 

102 KNGTYDYPKYSEEAKLNREE 20 2433.1448 497 516 3 0.01 1 D 

103 REEIDGVKLESTRIYQILAI 20 2345.2955 514 533 2 0.01 1 D 

104 DGVKLESTRIYQILAIYSTV 20 2268.2365 518 537 2 0.01 1 D 

105 STRIYQILAIYSTVASSLVL 20 2197.2358 524 543 3 0.01 1 D 

106 RIYQILAIYSTVASSL 16 1797.0036 526 541 2 0.01 1 C 

107, 

108 
QILAIYSTVASSLVLVVSLG 20 2032.1820 529 548 3 0.01 3(A), 2(D) A, D 

109 AIYSTVASSLVLVVSLGAIS 20 1949.1085 532 551 3 0.01 1 D 

110 IYSTVASSLVLVVSLGAISF 20 2025.1398 533 552 3 0.01 1 D 

111 STVASSLVLVVSLGAISFWM 20 2066.1122 535 554 2 0.01 1 D 

112 VASSLVLVVSLGAISFWMCS 20 2068.0737 537 556 3 0.01 1 A 

113 VASSLVLVVSLGAISF 16 1560.9127 537 552 3 0.01 1 C 

114 LVLVVSLGAISFWMCSNGSL 20 2095.0846 541 560 3 0.01 1 A 

115 SLGAISFWMCSNGSLQCRIC 20 2174.9734 546 565 3 0.01 2 D 

 

* sequences found in more than one sample highlighted in bold font 
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Supplemental Figures 
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Supplemental Figure 3. 1. Endocytic pathways in human and murine macrophages  

(a) Time-course of HA internalization by human MDMs. The amount of internalized protein was 

evaluated by the intensity of HA immunofluorescence per cell area on confocal microscopy 

images. The fluorescence intensity increased by 10 min and then remained at the same level up 

to 45 min. Based on three experiments. (b) Effects of selected endocytosis inhibitors on DiD 

fluorescence dequenching by murine B10R macrophages loaded with DiD-labeled H1-VLPs 

(n=3). Chlorpromazine (10 µg/mL) did not affect DiD fluorescence. (c) Chlorpromazine (10 

µg/mL) reduced transferrin (Trf) uptake by human MDMs. Representative images of the control 

sample treated with fluorescently-labelled transferrin (left), cell exposed to transferrin in the 

presence of chlorpromazine (middle) and the analysis of transference fluorescence intensities 

(right) are presented; based on three experiments. Red: transferrin conjugated with CF568  

(legend continued on next page) 
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fluorophore, blue: nuclei stained with DAPI. (d) Cytotoxic effects of endocytosis inhibitors on 

murine B10R macrophages assessed by LDH release (left Y axis) and ATP level reduction (right 

Y axis) (n=3). * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 
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                 H1-VLPs, 15 min                           Soluble H1, 15 min 

     

 

              H1-VLPs, 45 min                             Soluble H1, 45 min 

     

 

b 

       

(legend on next page) 
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Supplemental Figure 3. 2. HA internalization by human MDMs exposed to H1-VLPs or 

soluble H1  

(a) Representative images of MDMs pulsed (15 min) with H1-VLPs or soluble H1 at 15 min and 

45 min. Green: fluorescently labeled HA, blue: nuclei stained with DAPI. (b) Examples of image 

segmentation strategies. Left - bright-field image of MDMs with internalized HA (green) and 

nuclei stained with DAPI (blue). Image segmentation based on identification of cell boundaries – 

entire cell area (center). Image segmentation based on detecting HA-positive endosomes (right).  
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(legend on next page) 
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Supplemental Figure 3. 3. Endosomal trafficking of HA in MDMs pulsed (15 min) with H1-

VLPs or soluble H1  

(a) Conventional analysis of HA colocalization with Rab5, Rab7 or Rab11. Based on three or 

more experiments for each condition. * p<0.05, *** p<0.001, **** p<0.0001. (b) Representative 

image of MDM pulsed with H1-VLPs at 45 min. Peripheral (towards the plasma membrane) re-

distribution (recycling) of non-degraded HA can be seen. Green: fluorescently labeled HA, blue: 

nuclei stained with DAPI. 
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4.1. PREFACE  

In chapter 3 of this thesis, we described the bidirectional model of endosomal trafficking 

of HA-bearing VLPs. While a portion of internalized HA was handled in high-degradative 

mature endosomes that facilitate protein cleavage by lysosomal proteases and peptidases, and 

presentation of antigenic peptides in a context of MHC II molecules, another portion of HA was 

retained in low-degradative static early and/or recycling endosomes that support antigen cross-

presentation. Using nano-flow ultra-high pressure liquid chromatography high-resolution mass 

spectrometry, we were able to characterize the HA-derived peptide pool associated with MHC I 

molecules in H1-VLP-treated MDM. In this chapter, we examined the MHC I-restricted peptides 

derived from host proteins after the exposure of human MDM to either H1-VLP or soluble H1 

protein. 

 

4.2. ABSTRACT 

Recent advances in mass spectrometry-based proteomics have greatly expanded our 

knowledge about the peptide repertoire presented by major histocompatibility complex (MHC) 

molecules that is referred to as immunopeptidome. To date, immunopeptidome studies have 

focused on discovery of tumor neoantigens and exploring the MHC-restricted peptide landscape 
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in inflammation and autoimmunity, transplantation and infections. Major changes in the host 

immunopeptidome are observed in virus-infected cells, suggesting that the host peptide 

repertoire may provide insight into the mechanisms of cell responses to pathogen invasion as 

well as infected cell – immune system interactions. In this study, primary human monocyte-

derived macrophages were exposed to plant-derived virus-like particles (VLPs) bearing influenza 

A hemagglutinin (HA) or soluble influenza HA, as control. Immunopurified MHC class I-

associated peptides were analysed by nano-flow high pressure liquid chromatography coupled to 

high-resolution dopant-assisted electrospray ionisation mass spectrometry. A total of 109 host-

derived MHC I peptides were identified in the VLP-treated samples, two of which were also 

detected in controls. The peptides unique to VLP treatment were, on average, ~13 amino acid 

residues long, more basic and hydrophilic, and were mainly processed via proteolysis by matrix 

metalloproteinases and cathepsins. The proteins associated with these peptides were primarily 

involved in cellular, metabolic and regulatory processes and activated several pathways 

including inflammation stimulation and attenuation, response to stimuli, innate and adaptive 

immunity, clathrin-mediated endocytosis, protein synthesis and endo-lysosomal degradation. 

This study is the first report to describe the response of a primary human antigen-presenting cell 

to nanoparticulate vs. soluble antigen exposure from an immunopeptidomics point of view. 

 

4.3. INTRODUCTION 

The repertoire of peptides associated with and presented by major histocompatibility 

complex (MHC) molecules is referred to as the immunopeptidome (1–3) or the human leukocyte 

antigen (HLA) ligandome (4,5). These peptides rise either from the host proteins that have 

undergone degradation through the ubiquitination/proteasomal pathway or from exogenous 

proteins subjected to endosomal or cytosolic processing and presentation (6,7). The MHC 

molecules are generally divided into two classes: MHC I that are expressed on all nucleated cells 

and mediate recognition of the antigenic peptides by CD8+ T cells (8) and MHC II that are 

normally expressed on the surface of antigen-presenting cells (APCs) such as macrophages, 

dendritic cells, B lymphocytes and monocytes, delivering antigen-specific stimuli to CD4+ T 

cells (9). The immunopeptidome is a critical component of the immune recognition and self/non-

self discrimination, and immunopeptidome research can theoretically make major contributions 
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to the development of next-generation vaccines and immunotherapeutics aiming to control 

autoimmunity, infection and cancer burden (10–12).  

Mass spectrometry (MS) is the method of choice for the study of proteins and peptides in 

biological samples (13). Recent developments in sample processing and enrichment, protein and 

peptide separation, MS instrumentation and acquisition methods have increased the efficiency of 

proteomic analyses (14). However, unlike conventional proteomics, immunopeptidomics often 

requires target-specific enrichment and high-sensitivity MS analysis to increase the sequencing 

coverage, depth, and confidence of MHC-associated peptides, in a more of a ‘sniper’ rather than 

a ‘shotgun’ fashion (3).  

Thus far, immunopeptidomics has focused primarily on the identification of tumor-

specific neoantigens expressed on the surface of malignant or transformed tissues and cell lines 

(4,10,15). The immunological rationale behind these studies is that abnormal proteins associated 

with tumor transformation and progression give rise to tumor-specific amino acid sequences that 

are presented on the MHC I molecules. Tumor surveillance performed is thought to be based 

primarily on the recognition of these tumor-specific peptide–MHC complexes by cytotoxic CD8+ 

lymphocytes, facilitating the elimination of transformed cells (16). Immunopeptidomic studies 

usually exploit immortalized malignant cells and cell lines to harvest large amounts of peptides 

from as many as 108–1010 cells (2,5,17). However, modern MS-based methodologies have 

recently made the immunopeptidome of primary cells accessible (18,19), and the spectrum of 

pathological conditions studied with these new tools has been extended to bacterial (20), viral 

(11) and parasitic (21) infections, inflammation and autoimmunity (12,22), and transplantation 

complications (23). Almost all of this work has been published in the last few years, highlighting 

the growing interest in immunopeptidomics as a valuable approach to address fundamental 

questions in biomedical research. 

To date, only a small number of studies have focused on the identification of pathogen-

derived peptides presented by infected cells (11,20,24). Spencer et al. demonstrated that viral 

infection can induce dramatic changes in the host cell immunopeptidome, a phenomenon they 

called ‘self peptidome shift’ (25). Vaccinia virus-infected HeLa cells results in the presentation 

of hundreds of MHC I-restricted self peptides that are not found in non-infected cells, and ~40% 

of these arise from interferon-stimulated genes, consistently with the cell response to a viral 

infection (25). The infection of B lymphoblastoid cells with measles virus results in changes of 
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the repertoire of MHC I-restricted self peptides that allow for recognition of unique self epitopes 

by natural killer cells, suggesting a novel regulatory mechanism for the innate immune response 

(26). HeLa cells infection with influenza virus leads to the expression of 20 MHC I-restricted 

host peptides that are not found in non-infected cells, and up-regulates the expression of 347 

other host peptides. Proteins associated with these influenza virus-induced peptides are involved 

in regulation of cellular metabolism, cell cycle, protein synthesis and RNA processing (27). 

Together, these observations demonstrate that studying host immunopeptidomics can provide 

important detailed insights into cellular responses to infection and can broaden our understanding 

of host-pathogen interactions. Given the growing importance of vaccines in maintaining health, it 

is thus of considerable interest to explore host immunopeptidome changes in response to vaccine 

antigen exposure in human primary APCs. Such studies may not only help to understand 

responses to existing vaccines but may also guide the development of novel vaccine candidates 

that target distinct immunological pathways to achieve more desirable immune responses.  

The aim of this work was to identify the MHC I targets derived from host proteins in 

response to particulate vs. soluble antigenic stimuli delivered to human APCs. Monocyte-derived 

macrophages (MDMs) from five donors were exposed to plant-derived nanoparticles bearing 

influenza hemagglutinin (HA) (known as the ‘virus-like particles’ or VLPs) (28) or soluble 

influenza HA, as control. MHC I-peptide complexes were immunopurified and analysed by 

nano-flow liquid chromatography coupled with high-resolution tandem mass spectrometry (LC-

HR-MS/MS) using dopant-assisted electrospray ionisation (DA-ESI). Analysis of the proteomics 

data yielded interesting observations on the physicochemical properties of endogenous MHC I 

peptides, the nature of MHC I-presented proteins, and the biological pathways stimulated in 

response to the HA-bearing nanoparticles.  

 

4.4. METHODS 

 

4.4.1. Influenza hemagglutinin-bearing nanoparticles  

VLPs produced in Nicotiana benthamiana were provided by Medicago Inc. (Quebec, 

QC) and were manufactured as previously described (28,29) based on the sequence of 

A/California/07/2009 (H1N1) influenza virus HA. A recombinant soluble HA protein produced 
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in human embryonic kidney 293 cells (Immune Technology, New York, NY) was used as 

control. 

 

4.4.2. Monocyte-derived macrophages  

Fifty milliliters of whole blood were collected from five healthy human donors 23–47 

years of age. Peripheral blood mononuclear cells (PBMCs) were separated by density gradient 

centrifugation (SepMate-50, STEMCELL Technologies, Vancouver, BC), and CD14+ monocytes 

were isolated using EasySep human monocyte enrichment kit (STEMCELL Technologies) 

following the manufacturer’s instructions. Monocytes were cultured (106 cells/mL) in RPMI-

1640, 50 IU/mL penicillin, 50 µg/mL streptomycin, 10 mM HEPES supplemented with 10% 

fetal bovine serum (Wisent, Saint-Jean-Baptiste, QC) and 20 ng/mL recombinant human 

macrophage colony-stimulating factor (Gibco, Frederick, MD) under 5% CO2 (37°C) for 7 days. 

At days 3 and 6, one half of the media was replaced. All study procedures were approved by the 

Research Ethics Committee of the McGill University Health Centre and written informed 

consent was obtained from donors prior to venipuncture. 

 

4.4.3. Cell lysis and immunoprecipitation 

MDMs were exposed to either VLPs or soluble HA (15 µg/mL HA in culture medium, 

5% CO2, 37°C, 16 h) and then lysed (4°C, 1 h) with 4% NP-40 Surfact-Amps (Thermo Fisher 

Scientific, Waltham, MA) in 50 mM Tris.HCl (pH 7.0), 150 mM NaCl and protease inhibitors 

(Pierce, Thermo Fisher Scientific). Lysate total protein concentration was determined using the 

Pierce BCA protein assay kit (Thermo Fisher Scientific). MHC I-peptide complexes were 

immunoprecipitated using Dynabeads protein G immunoprecipitation kit (Thermo Fisher 

Scientific) with anti-human MHC I antibody (clone W6/32, BioLegend, 10 µg per 500 µL lysate, 

45 min, 4°C). Peptides were eluted (10% acetic acid, 70°C, 15 min) from the beads, desalted on 

a C18 solid-phase extraction Macro Spin column (Harvard Apparatus, Holliston, MA) using 

water and methanol following the manufacturer’s instructions, and evaporated to dryness under 

vacuum (37°C, 120 min).  
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4.4.4. Mass spectrometry analysis 

Samples was reconstituted (60 μL 0.1% formic acid) and injected (20 μL) on to a Maxis 

II (Bruker, Billerica, MA) quadrupole-time of flight tandem mass spectrometer equipped with a 

Dionex UltiMate 3000 (Thermo Fisher Scientific) UHPLC system using an Acclaim PepMap 

300 RSLC C18 2 μm 100 Å 150 x 0.075 mm UHPLC column (Thermo Fisher Scientific) with 

water (A) and acetonitrile (B) both containing 0.1% formic acid at a flow rate of 300 nL/min 

(50°C). Elution gradient started at 5% B, was held for 3 min, then increased to 35% at 73 min, 

55% at 90 min, and 80% at 95 min. MS spectra were acquired at m/z 400–2200 and MS/MS 

spectra were recorded at m/z 150–2200 using collision-induced dissociation activation and data-

dependent acquisition with a collision energy of 21–55 eV depending on precursor ion m/z value 

and charge state (z). Ions with z = 2–5 were preferred whereas singly charged ions were 

excluded. Redundant ions were also excluded for 2 min. Acquisition time was 0.5 s for MS and 

0.06–0.25 s for each MS/MS scan depending on precursor ion signal intensity, with a total cycle 

time of 3.0 s. CaptiveSpray (Bruker) nano-spray ionisation source operated in positive mode 

with a capillary voltage of 1.8 kV. To enhance ionisation, a continuous flow of nitrogen and 

vaporized acetonitrile (as dopant) was injected into the ion source during the analysis using a 

nanoBooster module (Bruker). nanoBooster pressure was set to 0.3 bar. Nitrogen (99.5% pure) 

was used as dry gas (150°C) at a flow rate of 3.0 L/min. Samples were analyzed in duplicate. 

 

4.4.5. Data processing 

Mass spectra were imported into the MaxQuant software (30) and searched against the 

human subset of the UniProt-SwissProt protein database (downloaded on 9/11/2017). An 

unspecific search was conducted for peptides 5–20 residues long at 0.01 false-discovery rate. 

Methionine oxidation and N-terminal acetylation were defined as variable modifications. A 

posterior error probability (PEP) threshold of 0.01 was set for all MaxQuant searches. To 

account for LC retention shifts, the ‘match between runs’ option was enabled with a match time 

window of 0.7 min and an alignment time window of 20 min. The MEROPS database (31) 

(http://merops.sanger.ac.uk) was used for the analysis of proteolysis sites. Cleavage site 

sequence logos and specificity matrices were transferred into a scripted Microsoft Excel 

worksheet to facilitate simultaneous analysis of a list of peptides. PANTHER (32) 

(http://www.pantherdb.org) was used for gene ontology (GO) analysis. Additional pathway 

http://merops.sanger.ac.uk/
http://www.pantherdb.org/
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analysis was done using the Reactome database (https://www.reactome.org). Protein interaction 

analysis was performed by InnateDB (33) integrated analysis platform (http://www.innatedb.ca) 

with UniProt identifiers as the cross-reference database and filtered to show only interactions 

between uploaded proteins. The results were subsequently visualized with the Cerebral plugin 

(34) of Cytoscape software (http://www.cytoscape.org) to organize the interaction network in the 

context of subcellular localisation for all of the proteins displayed and visualized by Cerebral. 

GRAVY-calculator (http://www.gravy-calculator.de) and the ExPASy compute pI/MW tool 

(https://web.expasy.org/compute_pi) were used to calculate grand average of hydropathy 

(GRAVY) score and theoretical isoelectric point, respectively. All other calculations were made 

using Microsoft Excel.  

 

4.4.6. Availability of data 

The datasets generated and/or analyzed during this study are available through the 

corresponding author upon request. The MS proteomics data have been deposited to the 

ProteomeXchange Consortium via the PRIDE (35) partner repository with the dataset identifier 

PXD010741. 

 

4.5. RESULTS AND DISCUSSION 

 

4.5.1. Blood donors and sample properties 

Five blood donors (A–E) were recruited for this study. To increase proteome coverage 

and confidence of peptide spectral matches, samples were analyzed on two separate occasions 

except for Sample 0 that was used primarily for method development. Donors D and C produced 

the highest and lowest numbers of MHC I peptides, respectively. No significant correlation was 

found between the number of PBMC isolated and the number of identified MHC I peptides. 

However, the number of identified peptides inversely correlated with the average peptide score, 

i.e. the more peptides extracted from and/or detected in a sample, the lower the confidence of the 

spectral matches; potentially due to increased sample complexity and/or ion suppression. 

Moreover, samples from the same donors exposed to the same stimulus (i.e. VLP or soluble 

protein) did not follow a consistent pattern i.e. VLP-treatment did not always result in more or 

larger MHC I peptides (see sample pairs 5/8, 2/6 or 4/7 in Tab. 4.1). This may be attributable, at 

https://www.reactome.org/
http://www.innatedb.ca/
http://www.cytoscape.org/
http://www.gravy-calculator.de/
https://web.expasy.org/compute_pi
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least in part, to the fact that samples were collected at several-week intervals, and the donors 

could potentially have been naturally exposed to a wide range of environmental stimuli, even 

wild-type influenza viruses, with resultant triggering of innate and/or adaptive immune responses 

and accompanying changes in the functional state of their peripheral blood monocytes. Donors’ 

demographic profile and a summary of proteomics analysis results for the VLP-treated and 

control samples can be found in Tab. 4.1. 

 

4.5.2. Number and characteristics of identified MHC I-associated peptides 

A total of 165 MHC I-associated peptides were identified from immunopurified human 

MDM lysates with 109 and 58 peptides detected in VLP-treated and control samples, 

respectively. Only two peptides were found with both treatments: VIISSSILLLGTLLI and 

TMGHW. The former belongs to the [848–863] region of leptin receptor (LEPR), a 132-kDa 

single-pass type I membrane protein involved in multiple signaling pathways such as 

JAK2/STAT3 and MAPK cascade/FOS. LEPR is known to play important roles in innate and 

adaptive immunity (36,37). The [848–863] peptide is located on LEPR’s transmembrane region 

and is in the vicinity of the protein’s JAK2 activation site. The second peptide represents the 

[393–397] region of midasin (MDN1), a 633-kDa nuclear chaperone involved in the assembly of 

the 60S ribosomal subunit and other protein complexes (38). The peptide lies within one of the 

six MDN1’s AAA-ATPase protomers. LEPR[848–863] was found in samples from all donors 

exposed to VLPs with a high average peptide score of 61.4, whereas MDN1[393–397] was only 

detected in two donors (one VLP, one soluble HA; average score 20.1). 

Peptides unique to the VLP-treated samples had an average score of 12.4 (vs. 20.7 for 

peptides unique to control) and an average length of 12.7 amino acid residues (vs. 7.0 for 

peptides unique to control). On average, the peptides identified from these samples were 10.8 

residues long, which is in agreement with the widely accepted length of 8–11 residues for MHC 

I-associated peptides (8). However, a large proportion of the identified peptides – both in VLP-

treated samples and in controls – were found to be larger than usually expected for MHC I 

peptides. One possible explanation for this observations is that the cell lysates contained 

optimally-trimmed peptides for MHC I binding as well as ‘immature’ peptides from endoplasmic 

reticulum (ER) or endosomes that were still in the process of proteolysis for the purpose of MHC 

I presentation or housekeeping/protein degradation (39,40). Moreover, the MS platform used in 

http://www.uniprot.org/uniprot/P48357
http://www.uniprot.org/uniprot/Q9NU22
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this study has been shown to possess hardware features that allow very high transmission of 

peptides into the collision cell enabling the detection of a wide range of peptides with various 

lengths (41).  

Fig. 4.1 demonstrates the overall distribution of identified MHC I peptides in terms of 

length, isoelectric point and GRAVY score. The identified peptides were more basic than acidic 

(60:40 ratio, in both VLP and soluble HA) and had more hydrophilic (GRAVY < 0) backbones 

(60:40 in VLP, 70:30 in soluble HA). 

Since early 2000s, various dopants have been used to enhance ionisation in both 

desorption and atmospheric-pressure applications. DA-ESI has however been applied to only a 

limited number of metabolomics studies (42–44). The CaptiveSpray nano-ESI source used for 

this analysis was coupled to a nanoBooster unit that delivered a constant flow of dopant-enriched 

inert gas into the ion source. The addition of an appropriate dopant to the ionisation mixture can 

enhance the charge of peptides that enter the emitter and improve ionisation efficiency resulting 

in a higher sensitivity than the conventional ESI. To assess the role of the dopant and to 

maximise the booster’s performance, we tested several dopant systems including methanol, 

acetone, acetonitrile, and their 1:1 (v/v) mixtures ± formic acid (0.1% v/v) with nitrogen as the 

inert gas. Using pure acetonitrile as dopant led to the most satisfactory results in terms of number 

of identified peptides, average signal intensity, and average MaxQuant score (Suppl. Table 4.1).  

Analysis of the proteolysis sites showed that the overall cleavage patterns changed when 

cells were exposed to the VLPs.  

Fig. 4.2 illustrates the relative abundance of amino acid residues in the vicinity of N- and 

C-terminal cleavage sites. In general, Trp (11%), Gln (9%), Phe (8%) and Leu (8%) were the 

preferred cleavage sites (CR1 and NR1) in peptides detected from the control samples. For the 

VLP-treated samples, this changed to Glu (9%), Leu (8%) and Lys (8%). Of note, there was also 

a shift from aromatic to aliphatic (polar and non-polar) residues in the VLP-treated MDMs 

suggesting that peptidases with preference for aliphatic residues, such as matrix 

metalloproteinases (MMPs), were more active in these cells. Also, while basic cleavage sites 

were generally more frequent than the acidic sites, C-terminal proteolysis at acidic cleavage sites 

was substantially increased in the VLP-treated cells. This could potentially be due to an increase 

in the activity of caspases that usually cut at the C-termini of acidic residues. Proteolysis patterns 

from other peptidases with preferred acidic cleavage sites, such as cytosolic carboxypeptidase 1, 
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glutamyl aminopeptidase and dipeptidyl peptidase 1, were also found to be more active in the 

VLP-treated samples.  

Using the MEROPS peptidase database, cathepsins and MMPs were found to be the main 

protease families involved in the generation and processing of the peptides identified in the 

MDMs. However, while the majority of peptides detected in control samples were produced by 

cathepsins (42% vs. 35% in VLP-treated samples), MMP-cleaved peptides were more abundant 

in the VLP-treated samples (38% vs. 32% in control). Cathepsin K (23%), L (23%) and V (19%) 

were the major proteases of this family generating MHC I peptides in control and VLP-treated 

samples. Likewise, MMP-1 (14%), MMP-2 (14%) and MMP-10 (16%) led to the highest number 

of MMP-cleaved peptides. A previous study using a similar approach for the analysis of MHC 

class II peptidome from human dendritic cells also highlighted cathepsins and MMPs as the 

primary proteases in the processing of antigenic peptides (18).  

Fig. 4.3A provides an overview of various protease families producing the identified 

MHC-1 peptides. For more details on proteolysis analysis see Suppl. Table 4.2. 

Cleavage site analysis also demonstrated that while most of the identified MHC I-

associated peptides were cut from internal regions of the proteins, relative abundance of N- and 

C-terminal peptides was slightly decreased in the VLP-treated samples (Fig. 4.3.B). Furthermore, 

N-terminal peptides were generally more abundant than C-terminal peptides. This ratio of N- to 

C-terminal peptides that we observed was the opposite of what has been reported for MHC II-

associated peptides (18); a finding consistent with the very different pathways and processes 

involved in MHC I versus MHC II peptide loading (7). For this analysis, peptides cleaved within 

10% of protein termini were considered N- or C-terminal. A complete list of the MHC I peptides 

identified in this study can be found in Suppl. Table 4.3. 

 

4.5.3. Proteins associated with the MHC I-restricted peptides identified 

A total of 109 and 55 human proteins were represented by at least one peptide from VLP-

treated and control samples, respectively. Three proteins were found under both treatment 

conditions: leptin receptor (LEPR), midasin (MDN1) and GPI ethanolamine phosphate 

transferase 3 (PIGO). LEPR and MDN1 were described previously. PIGO is a 119-kDa ER 

multi-pass membrane protein involved in glycosylphosphatidylinositol anchor biosynthesis. This 

protein was processed in two different peptides in the VLP-treated and control samples. The 

http://www.uniprot.org/uniprot/P48357
http://www.uniprot.org/uniprot/Q9NU22
http://www.uniprot.org/uniprot/Q8TEQ8
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smaller non-unique WLPAL peptide found in the control condition is located on the protein’s 

[933–937] cytosolic region whereas the larger GLVGAIAYAGLLG detected in a VLP-treated 

sample is unique to PIGO, comprises the protein’s [490–502] region, and is located in a 

transmembrane domain. Three other proteins had more than one MHC I peptide associated with 

them: SCO-spondin, uncharacterized protein KIAA1551 (or niban-like protein 1) and cip1-

interacting zinc finger protein (or nuclear receptor coactivator 2). SCO-spondin (SSPO) was 

identified based on two unique peptides in its [1003–1007] and [4158–4162] regions and is an 

extracellular peptidase inhibitor and cell adhesion protein. The second peptide is located on one 

of the protein’s thrombospondin type 1 domains. The two other proteins were characterized 

based on low-score and non-unique peptides, and little information is available about them. 

These three proteins were only found in the control samples. The average protein quantity in the 

cell lysates (µg) was not significantly different between the treatment groups (2.8 ± 0.5 in VLP 

vs. 2.4 ± 0.5 in control, p = 0.64). 

GO analysis of the proteins identified under VLP treatment demonstrated that the 

majority of MHC I-presented proteins had binding (36%), catalytic (34%) and transporter (10%) 

activities. Other important molecular functions included signal transducer, receptor, structural 

molecule and translation regulator activities. Also, these proteins were primarily involved in 

cellular (29%), metabolic (20%) and biological regulation (10%) processes with response to 

stimuli (9%), cellular component organisation or biogenesis (9%), localisation (8%) and 

developmental processes (6%) being among the other classified biological processes. In terms of 

subcellular localisation, the identified proteins were mainly localized in cell parts (34%), 

organelles (25%), macromolecular complexes (20%) and membrane (18%). Very few proteins 

were found in the extracellular region/matrix (2%) suggesting that the large majority of MHC I 

peptides were processed from internal proteins. Moreover, the most important protein classes 

identified from the MHC I-associated peptides were nucleic acid binding proteins (20%), 

enzyme modulators (12%), transcription factors (10%), receptors (10%) and transporters (10%). 

For more details on GO classification see Suppl. Table 4.4. 

The plant-derived VLPs used in this study have been shown to recapitulate the structure 

and key features of native influenza virions (45) and are the basis of a promising new vaccine for 

influenza (28,29). They bind to the surface of human PBMCs and MDMs in a sialic acid-

dependent manner and undergo rapid internalization through a dynamin-dependent endocytic 

http://www.uniprot.org/uniprot/A2VEC9
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pathway, resulting in stimulation of the innate and adaptive immune responses in vitro (46,47). 

These HA-VLP have been shown to induce strong antibody production and sustained poly-

functional and cross-reactive HA-specific T cell responses in both animal models and human 

studies (29,48,49). Our proteomics-based pathway analysis generally supported these 

observations from immunological and imaging studies, and revealed that the peptides presented 

on the MHC I in the VLP-treated MDMs were derived from proteins mainly involved in the 

following six pathways: inflammation mediated by chemokine and cytokine signaling pathway 

(6%), EGF receptor (EGFR) signaling pathway (6%), angiogenesis (6%), gonadotropin-releasing 

hormone receptor (GnRHR) pathway (6%), T cell activation (5%) and nicotinic acetylcholine 

receptor (nAChR) signaling pathway (5%). While up-regulation of chemokine/cytokine-

mediated inflammation and T cell activation pathways could be directly linked to the MDM 

reaction to VLP treatment, it is not clear why or how the four other major pathways have been 

activated. The EGFR signaling and angiogenesis pathways both involve cell growth, 

differentiation, migration, adhesion and survival through various interacting signaling pathways. 

The EGFR signaling pathway also includes several proteins that have been reported to promote 

clathrin-mediated endocytosis (CME) (50). Up-regulation of this pathway in the VLP-treated 

MDMs suggests that CME may be a major mechanism for the internalisation of HA-VLPs. The 

nAChR signaling pathway plays a central role in the vagus nerve-regulated cholinergic anti-

inflammatory pathway and has been found to attenuate inflammation in a number of conditions 

including hepatic steatosis (51,52), brain injury (53) and cancer (54,55) potentially via 

modulation of certain MMPs and cytokines (56). The GnRHR pathway is critical for normal 

secretion of gonadotropins, pubertal development and reproduction. Previous studies have shown 

that some potent pro-inflammatory cytokines such as TNF-α, IL-1β, and IL-6 likely inhibit the 

GnRHR pathway during severe illnesses (57,58).  

Fig. 4.4 presents a complete list of pathways related to the proteins from which the 

identified MHC I peptides originated. 

An interaction analysis identified 41 reported protein-protein interactions between the 

proteins expressed on the MHC I sites of VLP-treated MDMs including 27 physical associations, 

5 phosphorylation and phosphorylation reactions, 5 co-localisations, 3 associations and one self-

interaction. Several interactions were found between nucleic proteins and cytoplasmic and 

extracellular proteins. These interactors were grouped into 4 clusters. (1) The UTP20-VSP18-
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VSP16 cluster comprises UTP20, a processome component involved in rRNA processing and 

negative regulation of cell proliferation (59), and two vacuolar protein sorting-associated 

proteins, which facilitate vesicle-mediated protein trafficking to lysosomal compartments 

including the endocytic membrane transport and autophagic pathways (60). (2) The EIF2S1-

POP1 pair is involved in tRNA processing and protein biosynthesis particularly in response to 

stress. (3) The PAK1-MAP3K1 pair includes proteins from the MAP kinase pathway that are 

also activated in response to stimuli and play role in immune system pathways via C-type lectin, 

Fc-γ, Fc-ε, toll-like receptor signaling and CD28 co-stimulation (Reactome database). (4) The 

PRKCZ-HIST1H1B-IRAK4 cluster consists of a histone protein and two protein kinases that are 

crucial for initiating an innate immune response against foreign pathogens. PRKCZ and IRAK4 

are both involved in the IL-1 signaling pathway. While the former is believed to positively 

regulate T-helper 2 cell cytokine production (UniProt database) the latter is involved in 

neutrophil-mediated immunity (61). Overall, the protein-protein interactions predicted in VLP-

treated cells argue for a robust and balanced activation of receptor-mediated endocytosis and 

antigen processing mechanisms likely contributing to up-regulation of both innate and adaptive 

immune responses. These findings therefore provide a cell biology background that supports the 

strong immunogenicity reported for the plant-derived HA-VLPs in clinical trials and animal 

experiments (28,29,48,49).  

Fig. 4.5 illustrates the protein-protein interaction network in the context of subcellular 

localisation for the proteins partially expressed on the MHC I sites of VLP-treated MDMs. A 

complete list of interactions as well as their citations can be found in Suppl. Table 4.5. 

 

In summary, upon treatment of human MDMs with plant-derived VLPs bearing an 

influenza HA, 109 MHC class I-associated human peptides were identified by LC-MS/MS, two 

of which were also detected in the soluble HA-treated macrophages used as controls. The 

peptides unique to VLP treatment were, on average, 13 residues long with slightly more basic 

and hydrophilic properties. These peptides were mainly processed via proteolysis by MMPs and 

cathepsins with Glu, Leu and Lys being the most prevalent cleavage sites. A total of 109 

differentially-expressed proteins were identified by our analysis of the MHC I-associated 

peptides. The majority of these proteins had binding, catalytic or transporter functions and were 

involved in cellular, metabolic and regulatory processes. Inflammation stimulation and 
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attenuation, response to stimuli, innate and adaptive immunity, clathrin-mediated endocytosis, 

protein synthesis and endo-lysosomal degradation were the pathways found to be primarily up-

regulated in VLP-treated MDMs. These results shed new light on the mechanism of action of 

these HA-VLPs upon their internalisation by macrophages. Additional studies will be required to 

more fully understand the immunologic implications of the immunopeptidomic response of 

APCs to these novel, plant-derived VLPs. The analytical approach presented here could also 

serve as a model for similar experiments to study MHC I-associated peptides under different 

treatment conditions. 
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4.7. TABLE 

 

Table 4. 1. Demographic profile of blood donors and summary of the proteomics analysis results for VLP-treated and control 

(soluble HA) samples  

Sample Donor Age/Sex Ethnicity # PBMC Treatment 
# LC-MS 

replicates 

# Peptides 

identified 

Average 

peptide 

score 

Average 

peptide 

length 

0 A 47 M Caucasian 1.5 x 108 VLP 1 9 31.9 11.9 

1 B 46 F Caucasian 9.7 x 107 VLP 2 5 38.7 15.4 

2 C 26 M South Asian 1.4 x 108 VLP 2 1 61.1 15.0 

3 D 21 M  East Asian 1.2 x 108 VLP 2 87 8.3 13.0 

4 E 24 M West Asian 1.3 x 108 Soluble HA 2 9 42.7 12.7 

5 A 47 M Caucasian 2.3 x 108 Soluble HA 2 5 49.6 15.2 

6 C 26 M South Asian 2.3 x 108 Soluble HA 2 46 15.6 5.6 

7 E 24 M West Asian 1.5 x 108 VLP 2 4 35.2 14.0 

8 A 47 M Caucasian 1.9 x 108 VLP 2 6 30.8 6.8 

PBMC: peripheral blood mononuclear cells; VLP: virus-like particles 
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4.8. FIGURES AND FIGURE LEGENDS 

 

 

  

 

Figure 4. 1. Physicochemical properties of endogenous MHC I-restricted peptides 

Length of sequence vs. (theoretical) isoelectric point (left) and GRAVY (grand average of 

hydropathy) score (right) of identified MHC I-associated peptides from monocyte-derived 

macrophages ± VLPs 

VLP: virus-like particles; CO: soluble HA control. 

 

  

2.0

4.0

6.0

8.0

10.0

12.0

14.0

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

p
I

length (amino acid residue)

VLP CO

-5.0

-3.0

-1.0

1.0

3.0

5.0

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

G
R

A
V

Y

length (amino acid residue)

VLP CO



197 
 

 

 

 

Figure 4. 2. Proteolysis patterns of MHC I-associated peptides identified from monocyte-

derived macrophages 

VLP-treated (above) and control (below) samples show changes in the preferred cleavage sites. 

VLP: virus-like particles; CO: soluble HA control. 

  

VLP 

CO 
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Figure 4. 3. Mechanisms of MHC I-restricted peptides generation 

(A) Cellular proteases potentially involved in the processing of MHC I-associated peptides. 

While matrix metalloproteinases (MMPs) and cathepsins have produced the majority of the 

identified peptides, there was a shift from cathepsin- to MMP-cleaved peptides in VLP-treated 

macrophages. (B) Relative abundance of N-terminal, C-terminal and internal MHC I peptides in 

VLP-treated and control samples. Peptides cleaved within 10% of protein termini were 

considered N- or C-terminal.  

VLP: virus-like particles; CO: soluble HA control. 
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Figure 4. 4. Major pathways governed by the proteins expressed on the MHC I sites of 

VLP-treated monocyte-derived macrophages 

Pathways with over 5% contribution were highlighted. 
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Figure 4. 5. Protein-protein interactions between the proteins expressed on the MHC I sites 

of VLP-treated monocyte-derived macrophages  

More than 65% of reported interactions were physical associations. 
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4.9. SUPPLEMENTAL DATA 

 

Supplemental Table 4. 1. Number of peptides identified with different dopants or dopant 

compositions used to enhance MS ionization efficiency 

 

Dopant 
Pressure 

(bar) 

Formic acid 

(0.1% v/v) 
# Peptides 

Avg score 

(MaxQuant) 

Avg signal 

intensity 

(MaxQuant) 

None 0.0 No 56 28.4 28100 

Methanol 0.3 No 85 42.8 66000 

Acetone 0.3 No 32 14.9 12200 

Acetonitrile 0.3 No 98 73.2 380000 

MET/ACN (1:1 v/v) 0.3 No 89 55.0 120000 

MET/ACE (1:1 v/v) 0.3 No 70 28.8 42900 

ACE/ACN (1:1 v/v) 0.3 No 76 34.1 65400 

Methanol 0.3 Yes 81 41.5 78000 

Acetone 0.3 Yes 39 16.0 22000 

Acetonitrile 0.3 Yes 90 71.6 240000 

MET/ACN (1:1 v/v) 0.3 Yes 82 56.1 145000 

MET/ACE (1:1 v/v) 0.3 Yes 76 28.2 42500 

ACE/ACN (1:1 v/v) 0.3 Yes 73 31.3 58400 

 

Note: Method optimization was performed using human serum digest from donor C, as 

described below. ACN: acetonitrile; ACE: acetone; MET: methanol. 

Serum (2 µL) was delipidated (5 volume ice-cold acetone), denatured (50 mM DTT, 60 C, 30 

min), alkylated (150 mM IAM, 25°C, 30 min, dark) and digested with sequencing-grade trypsin 

(Promega, Madison, WI; 1:40 w/w). 

Digest peptides were cleaned on C18 reverse-phase solid-phase extraction (SPE) Macro spin 

columns (Harvard Apparatus, Holliston, MA) following manufacturer's instructions, and 

evaporated to dryness under vacuum (120 min, 37°C). 

Peptides were reconstituted in 0.1% formic acid (60 µL) and analyzed (20 µL) as described in 

the manuscript. 
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Supplemental Table 4.2. 1. Number and relative abundance of protease-specific cleavage 

patterns identified in the MHC-I peptides from VLP-treated and control samples 

 

 cathepsins caspases calpains MMPs granzymes meprin 
other 

peptidases 

# in VLP 266 20 60 291 12 24 91 

% in VLP 35% 3% 8% 38% 2% 3% 12% 

# in CO 105 4 18 79 3 5 34 

% in CO 42% 2% 7% 32% 1% 2% 14% 

 

VLP: virus-like particles; CO: soluble HA control. 
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Supplemental Table 4.2. 2. Number and relative abundance of cathpesin-specific and matrix metalloprotinase-specific 

cleavage patterns identified in the MHC-I peptides from VLP-treated and control samples 

 

 Cat B Cat D Cat E Cat G Cat K Cat L Cat S Cat V Cat X 

# in VLP 10 25 1 1 67 62 47 53 0 

% in VLP 4% 9% 0% 0% 25% 23% 18% 20% 0% 

# in CO 6 18 1 1 21 23 16 19 0 

% in CO 6% 17% 1% 1% 20% 22% 15% 18% 0% 

% Avg 5% 13% 1% 1% 23% 23% 16% 19% 0% 

 

 MMP-1 MMP-2 MMP-3 MMP-7 MMP-8 MMP-9 MMP-10 MMP-11 

# in VLP 42 42 31 31 1 1 44 0 

% in VLP 14% 14% 11% 11% 0% 0% 15% 0% 

# in CO 11 11 8 8 1 1 14 0 

% in CO 14% 14% 10% 10% 1% 1% 18% 0% 

% Avg 14% 14% 10% 10% 1% 1% 16% 0% 

 

 MMP-12 MMP-13 MMP-20 MMP-26 mMMP-1 mMMP-2 mMMP-4 mMMP-6 

# in VLP 0 1 0 1 31 4 31 31 

% in VLP 0% 0% 0% 0% 11% 1% 11% 11% 

# in CO 0 1 0 0 8 0 8 8 

% in CO 0% 1% 0% 0% 10% 0% 10% 10% 

% Avg 0% 1% 0% 0% 10% 1% 10% 10% 

 

VLP: virus-like particles; CO: soluble HA control. 
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Supplemental Table 4.2. 3. Number and relative abundance of cleavage patterns from other important proteases identified in 

the MHC-I peptides from VLP-treated and control samples 

 

 
calpain-2 calpain-3 

granzyme 

A 

granzyme 

B 

granzyme 

K 

granzyme 

M 

meprin 

alpha 

meprin 

beta 

SENP1 

peptidase 

# in VLP 30 30 0 10 1 1 5 19 0 

% in VLP 10% 10% 0% 3% 0% 0% 2% 7% 0% 

# in CO 9 9 0 3 0 0 0 5 0 

% in CO 11% 11% 0% 4% 0% 0% 0% 6% 0% 

% Avg 11% 11% 0% 4% 0% 0% 1% 6% 0% 

 

 

SENP2 

peptidase 

SENP6 

peptidase 

SENP8 

peptidase 
otubain-1 legumain 

blomycin 

hydrolase 

dipeptidyl 

peptidase I 

aspartyl 

aminopeptidase 

# in VLP 0 0 0 0 16 0 34 10 

% in VLP 0% 0% 0% 0% 5% 0% 12% 3% 

# in CO 0 0 0 0 13 1 8 3 

% in CO 0% 0% 0% 0% 16% 1% 10% 4% 

% Avg 0% 0% 0% 0% 11% 1% 11% 4% 

 

 
paracaspase 

RCE1 

peptidase 

aminopeptidase 

A 

aminopeptidase 

B 

aminopeptidase 

N 

aminopeptidase 

P1 

# in VLP 0 0 5 17 1 1 

% in VLP 0% 0% 2% 6% 0% 0% 

# in CO 0 0 2 6 0 1 

% in CO 0% 0% 3% 8% 0% 1% 

% Avg 0% 0% 2% 7% 0% 1% 
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 aminopeptidase P2 aminopeptidase P3 thimet oligopeptidase cytosolic carboxypeptidase 1 

# in VLP 0 1 0 4 

% in VLP 0% 0% 0% 1% 

# in CO 0 0 0 0 

% in CO 0% 0% 0% 0% 

% Avg 0% 0% 0% 1% 

 

 
leukotriene A4 hydrolase cytosol alanyl aminopeptidase 

endoplasmic reticulum 

aminopeptidase 1 

# in VLP 2 0 0 

% in VLP 1% 0% 0% 

# in CO 0 0 0 

% in CO 0% 0% 0% 

% Avg 0% 0% 0% 

 

VLP: virus-like particles; CO: soluble HA control. 
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Supplemental Table 4.3. Complete list of MHC-I-associated peptides identified in the VLP-treated and control samples 

 

Sequence Mass Protein names PEP Sample Term Treatment 

ALNFLHERGIIYR 1600.8838 Protein kinase C zeta type 1.0E-02 3 Internal VLP 

APDPTRDYFSLMD 1526.6711 
Iron-sulfur cluster co-chaperone 

protein HscB, mitochondrial 
1.0E-02 3 Internal VLP 

CMNGGSCSDDHCL 1340.4254 Fibrillin-1 1.0E-02 3 N-term VLP 

CPCDADNTISCHP 1374.5003 
Multiple epidermal growth factor-

like domains protein 11 
1.0E-02 3 Internal VLP 

DFVDVQ 721.3283 
Probable E3 ubiquitin-protein ligase 

HERC6 
1.2E-02 8 Internal VLP 

EADVEGIQYKTLR 1520.7835 Nucleoporin Nup37 1.0E-02 3 Internal VLP 

EKKNKRPDIKKVQ 1609.9628 
Interleukin-1 receptor-associated 

kinase 4 
1.0E-02 3 C-term VLP 

ELPSNILLVRLLDGIKQR 2076.2419 E3 ubiquitin-protein ligase SH3RF1 2.2E-03 6 N-term CO 

EQPTTLSMPLLM 1359.6778 Enolase-like protein ENO4 9.3E-03 0 Internal VLP 

ERGWSTPPKCRSTIS 1703.8413 
Complement factor H-related 

protein 2 
2.2E-04 6 Internal CO 

ERQRRKKIIRDHG 1690.9816 Transcriptional adapter 2-alpha 1.0E-02 3 Internal VLP 

EYCRNDWSMWKVF 1762.7596 Dynactin-associated protein 1.0E-02 3 Internal VLP 

FDFEDVFVKIPQA 1553.7766 

NADH dehydrogenase [ubiquinone] 

1 alpha subcomplex subunit 9, 

mitochondrial 

1.0E-02 3 Internal VLP 

FFGLLFWCIAFFH 1646.8108 Inward rectifier potassium channel 4 1.0E-02 3 Internal VLP 

FGCRHFS 852.3701 Uracil-DNA glycosylase 1.6E-04 6 C-term CO 

FHWKQEE 1002.4559 
Signal transducer and activator of 

transcription 6 
8.9E-04 0 Internal VLP 

FIELIPTVLRARASGIDLTA 2155.2365 Solute carrier family 22 member 10 1.4E-02 1 Internal VLP 

FILEPRLLIQQRK 1653.0090 
Hermansky-Pudlak syndrome 3 

protein 
1.0E-02 3 Internal VLP 

FLHLKKAAIVFQK 1541.9446 Unconventional myosin-X 1.0E-02 3 Internal VLP 
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FLPPVIKYTIRMS 1563.8847 
ATP-binding cassette sub-family A 

member 12 
1.0E-02 3 Internal VLP 

FMFNF 704.2992 Piwi-like protein 1 1.0E-02 6 Internal CO 

FNHTM 648.2690 

Myosin-14;Synaptotagmin-like 

protein 1;Synaptotagmin-like 

protein 2;Myosin-9;Myosin-

11;Myosin-10 

1.0E-02 6 Internal CO 

FQYDKYVNVFYKF 1759.8610 Zinc finger protein 430 1.0E-02 3 Internal VLP 

GCDLVSW 778.3320 Integral membrane protein GPR155 3.0E-03 6 C-term CO 

GGPILPKKPPVKP 1326.8387 Targeting protein for Xklp2 1.0E-02 3 Internal VLP 

GGSFAVWGGLFSM 1314.6067 

Mitochondrial import inner 

membrane translocase subunit 

Tim17-A 

1.0E-02 3 Internal VLP 

GLSCRFYQHKFPE 1610.7664 
Eukaryotic translation initiation 

factor 2 subunit 1 
1.0E-02 3 N-term VLP 

GLVGAIAYAGLLG 1173.6758 
GPI ethanolamine phosphate 

transferase 3 
1.0E-02 3 Internal VLP 

GLVLKSRAKHHAI 1428.8678 Calmegin 1.0E-02 3 Internal VLP 

GRNEQFPV 945.4668 
Small subunit processome 

component 20 homolog 
9.8E-08 7 Internal VLP 

GVASTKSKQNHSK 1370.7266 Ran-binding protein 10 1.0E-02 3 Internal VLP 

HCVNM 602.2305 
Sodium channel protein type 3 

subunit alpha 
1.0E-02 6 Internal CO 

HEFSW 704.2918 
Carboxylesterase 

3;Sodium/hydrogen exchanger 10 
1.0E-02 6 Internal CO 

HPDLLQLPRDLEQ 1572.8260 Inverted formin-2 1.0E-02 3 Internal VLP 

HTGELPYECKECG 1464.6014 Zinc finger protein 546 1.0E-02 3 Internal VLP 

HWFSH 712.3081 

Glycolipid transfer protein domain-

containing protein 2;Valine--tRNA 

ligase, mitochondrial 

1.0E-02 6 N-term CO 

HYVYQ 708.3231 Zinc finger protein 608 1.0E-02 6 Internal CO 
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IAEMMFGF 944.4136 
SUMO-interacting motif-containing 

protein 1 
6.8E-06 5 Internal CO 

IFILLLVFVLIIR 1571.0578 Protein sidekick-2 1.0E-02 3 Internal VLP 

IKLLCEGLLH 1137.6580 
NACHT, LRR and PYD domains-

containing protein 3 
2.0E-05 0 Internal VLP 

ILILRQIMALRVM 1568.9622 Glypican-4;Secreted glypican-4 1.0E-02 3 Internal VLP 

ILRKMWTRHKKKS 1711.0192 Uncharacterized protein C8orf46 1.0E-02 3 Internal VLP 

IPFVPLILKDLTF 1514.9112 
Rap guanine nucleotide exchange 

factor-like 1 
1.0E-02 3 Internal VLP 

IRYKKLLSLLTFA 1564.9705 
Mitogen-activated protein kinase 

kinase kinase 1 
1.0E-02 3 Internal VLP 

ITSELPVLQD 1113.5918 Cohesin subunit SA-1 1.2E-02 0 N-term VLP 

KAVKPKAAKPKAA 1306.8449 Histone H1.5 1.0E-02 3 Internal VLP 

KELILDKVY 1119.6540 
Zinc finger C2HC domain-

containing protein 1C 
1.2E-02 4 Internal CO 

KHKEL 653.3861 

Spectrin beta chain, non-

erythrocytic 5;40S ribosomal protein 

S19;Putative STAG3-like protein 

4;Coiled-coil domain-containing 

protein 152;Transcription factor Spi-

B;Adenosine kinase;Centrosomal 

protein of 44 kDa;E3 ubiquitin-

protein ligase MYLIP;Rab11 

family-interacting protein 

2;Gamma-taxilin;Serine 

palmitoyltransferase 3;Paternally-

expressed gene 3 protein;Golgin 

subfamily B member 1 

1.0E-02 6 Internal CO 

KKFNARRKLKGAI 1528.9678 

Calcium/calmodulin-dependent 

protein kinase type II subunit 

alpha;Calcium/calmodulin-

dependent protein kinase type II 

subunit delta;Calcium/calmodulin-

1.0E-02 3 Internal VLP 
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dependent protein kinase type II 

subunit beta 

KLEEYETLFKCQE 1658.7862 
Disabled homolog 2-interacting 

protein 
1.0E-02 3 Internal VLP 

KNAIRKLCS 1031.5910 
Olfactory receptor 4C13;Olfactory 

receptor 4C46 
6.2E-03 8 C-term VLP 

KPVLEELISARIR 1522.9195 
Probable cation-transporting 

ATPase 13A4 
1.0E-02 3 Internal VLP 

KRALKLQQKRQKE 1653.0162 
Biogenesis of lysosome-related 

organelles complex 1 subunit 6 
1.0E-02 3 Internal VLP 

KRVPFPIGIAIPF 1453.8809 Death domain-containing protein 1 1.0E-02 3 Internal VLP 

KYEGKHKRKKRRK 1741.0700 
Putative uncharacterized protein 

encoded by LINC00467 
1.0E-02 3 Internal VLP 

KYLTFLLVVTILI 1534.9738 
Acetylcholine receptor subunit 

gamma 
1.0E-02 3 Internal VLP 

LALLLHKGILAVS 1346.8650 Zinc transporter ZIP1 1.0E-02 3 Internal VLP 

LDSIASVVVPIII 1337.8170 

Cysteine-rich motor neuron 1 

protein;Processed cysteine-rich 

motor neuron 1 protein 

1.0E-02 3 C-term VLP 

LEQEMGF 852.3688 
Serine/threonine-protein kinase 

Nek1 
7.6E-04 8 C-term VLP 

LEVALTLIDSWCKDHSYVIA 2275.1559 
ER membrane protein complex 

subunit 8 
1.5E-02 7 Internal VLP 

LGFCLPLYLICYR 1572.8197 
Large neutral amino acids 

transporter small subunit 4 
1.0E-02 3 C-term VLP 

LGKVKITKSGFLT 1390.8548 
Putative acyl-coenzyme A 

thioesterase 6 
1.0E-02 3 Internal VLP 

LHTRPPRFQRDFV 1667.9008 Nocturnin 1.0E-02 3 Internal VLP 

LIVCIERATRLVK 1512.9174 
H/ACA ribonucleoprotein complex 

subunit 4 
1.0E-02 3 Internal VLP 

LLPCTAQQQQQQQQQQLPAL 2291.1692 R3H domain-containing protein 2 3.8E-23 5 Internal CO 

LPPRSLQVLLLLL 1473.9647 Plexin-A1 1.0E-02 3 N-term VLP 
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LQQQKAKLEAKLH 1533.8991 
Baculoviral IAP repeat-containing 

protein 6 
1.0E-02 3 Internal VLP 

LRADLERAKRKLE 1596.9424 Myosin-13 1.0E-02 3 Internal VLP 

LRLRGGAKKRKKK 1538.0369 

Ubiquitin-40S ribosomal protein 

S27a;Ubiquitin;40S ribosomal 

protein S27a 

1.0E-02 3 Internal VLP 

LRLRHLRRPRVAR 1698.0866 Lysophosphatidic acid receptor 5 1.0E-02 3 Internal VLP 

LSKAIESGDTDLVF 1493.7613 
Vacuolar protein sorting-associated 

protein 16 homolog 
1.5E-02 0 Internal VLP 

LSSAIQVAGAPLV 1224.7078 mRNA-decapping enzyme 1A 1.0E-02 3 Internal VLP 

LSSDVLTLLIKQY 1491.8548 
Lon protease homolog, 

mitochondrial 
4.1E-03 5 Internal CO 

LVGDELWVVMEYL 1564.7847 

Serine/threonine-protein kinase 

PAK 1;Serine/threonine-protein 

kinase PAK 3 

1.0E-02 3 Internal VLP 

LYDRPASYKKK 1367.7561 
Platelet-derived growth factor 

receptor alpha 
3.3E-07 4 Internal CO 

MECCQ 612.1706 Espin-like protein 1.0E-02 6 Internal CO 

MEHTN 630.2432 
Tubulin alpha chain-like 3;Forkhead 

box protein P1 
1.0E-02 6 Internal CO 

METHN 630.2432 

Matrix metalloproteinase-

24;Processed matrix 

metalloproteinase-24;Beta-1,4-N-

acetylgalactosaminyltransferase 3 

1.0E-02 6 Internal CO 

MFKCW 713.3029 Follistatin-related protein 5 1.0E-02 6 N-term CO 

MFSHQ 648.2690 

TRPM8 channel-associated factor 

1;Constitutive coactivator of PPAR-

gamma-like protein 2 

1.0E-02 6 C-term CO 

MFSQQ 639.2687 

Cip1-interacting zinc finger 

protein;Nuclear receptor coactivator 

2 

1.0E-02 6 N-term CO 
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MFWGH 676.2792 
SKI family transcriptional 

corepressor 1 
1.0E-02 6 Internal CO 

MLQVLRLMVGVQV 1484.8571 Calcineurin B homologous protein 2 1.0E-02 3 Internal VLP 

MVMHN 630.2618 
Uncharacterized protein 

KIAA1551;Niban-like protein 1 
1.0E-02 6 Internal CO 

NFSKRRKVAEITG 1504.8474 
Son of sevenless homolog 2;Son of 

sevenless homolog 1 
1.0E-02 3 Internal VLP 

NKRQLERR 1098.6370 Unconventional myosin-XVIIIa 1.1E-02 7 Internal VLP 

NRENHKNENVLTVT 1666.8387 
DDB1- and CUL4-associated factor 

17 
2.7E-03 0 Internal VLP 

PAAPWLLLGVLLL 1374.8639 NFAT activation molecule 1 1.0E-02 3 N-term VLP 

PAVKYFFDFLDEQ 1617.7715 Plexin-B2 1.0E-02 3 Internal VLP 

PFFTN 624.2908 
Matrix-remodeling-associated 

protein 5;Cadherin-23 
1.0E-02 6 Internal CO 

PFSSNIANIPRDLVDEILEE 2270.1430 
SHC SH2 domain-binding protein 1-

like protein 
1.4E-02 7 Internal VLP 

PGAARLPSRVARL 1362.8208 
UDP-N-acetylglucosamine/UDP-

glucose/GDP-mannose transporter 
1.0E-02 3 N-term VLP 

PIVVSKPVTVSRP 1377.8344 Zinc finger protein 512B 1.0E-02 3 Internal VLP 

PLLLYILAAKTLIL 1554.0160 Small integral membrane protein 11 3.0E-31 4 Internal CO 

PPALPPKPPKAKP 1336.8231 
Phosphatidylinositol 3-kinase 

regulatory subunit beta 
1.0E-02 3 Internal VLP 

PPKKIKTPKGTLP 1403.8864 
Axonemal dynein light chain 

domain-containing protein 1 
1.0E-02 3 N-term VLP 

PRHMRRRAMSHNV 1646.8470 
Ribonucleases P/MRP protein 

subunit POP1 
1.0E-02 3 Internal VLP 

QEMCC 612.1706 E3 ubiquitin-protein ligase Praja-1 1.0E-02 6 C-term CO 

QFSQM 639.2687 Uncharacterized protein KIAA1551 1.0E-02 6 Internal CO 

QGTDDGPSLGAQD 1259.5266 
Testis-expressed sequence 33 

protein 
1.0E-02 3 Internal VLP 

QKVRPLARWKGQL 1578.9471 
Vacuolar protein sorting-associated 

protein 18 homolog 
1.0E-02 3 Internal VLP 
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QQRLG 600.3344 

Cip1-interacting zinc finger 

protein;Tubulin polyglutamylase 

complex subunit 1;Progestin and 

adipoQ receptor family member 

9;Ig-like V-type domain-containing 

protein FAM187A;Neuronal 

pentraxin-2;Protein C-ets-1;E3 

ubiquitin-protein ligase 

RNF25;Coiled-coil domain-

containing protein 149;Molybdenum 

cofactor biosynthesis protein 

1;Cyclic pyranopterin 

monophosphate synthase;Cyclic 

pyranopterin monophosphate 

synthase accessory protein;Lon 

protease homolog, 

mitochondrial;Laminin subunit 

alpha-4;Pericentrin;Laminin subunit 

alpha-5 

1.0E-02 6 Internal CO 

QRAPILRPAFVPH 1500.8678 RNA-binding protein 42 1.0E-02 3 Internal VLP 

QVVKWAKVLPGFKN 1612.9453 Mineralocorticoid receptor 8.3E-03 1 Internal VLP 

RCKNRYTNILPYD 1654.8250 
Receptor-type tyrosine-protein 

phosphatase O 
1.0E-02 3 Internal VLP 

REEKYPLRGTDPL 1572.8260 Protein ALEX 1.0E-02 3 Internal VLP 

RGLSPRKLLEHVA 1474.8732 
Signal-induced proliferation-

associated protein 1 
1.0E-02 3 Internal VLP 

RHRDFLTNDAKFK 1646.8641 Putative SMEK homolog 3 1.0E-02 3 Internal VLP 

RIVLNGIDLKAFL 1470.8922 

UDP-N-acetylglucosamine--peptide 

N-acetylglucosaminyltransferase 

110 kDa subunit 

1.0E-02 3 Internal VLP 

RKRKKEKKKKKHR 1777.1751 Nucleolar protein of 40 kDa 1.0E-02 3 Internal VLP 

RMSNVYSKAAVSI 1424.7446 Patched domain-containing protein 3 1.0E-02 3 Internal VLP 
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RNFQLLVITHDED 1598.8053 DNA repair protein RAD50 1.0E-02 3 C-term VLP 

RRMLHLPSL 1121.6492 
Methyltransferase-like protein 12, 

mitochondrial 
3.9E-06 4 N-term CO 

RVCNSYW 926.4069 Dual oxidase 1 9.3E-03 8 Internal VLP 

RVKGVTIVKPIVY 1470.9286 
YEATS domain-containing protein 

4 
1.0E-02 3 N-term VLP 

RYQIINGLRRFEIE 1805.9901 Sphingomyelin phosphodiesterase 4 1.2E-02 4 Internal CO 

SFNKLIVNGRRLNV 1628.9475 Pre-mRNA-splicing factor RBM22 1.2E-02 1 Internal VLP 

SLIAEVLVKILKK 1452.9643 Secretoglobin family 1D member 2 1.0E-02 3 Internal VLP 

SNSPRDWRTITYTN 1709.8121 UPF0258 protein KIAA1024 3.0E-03 1 Internal VLP 

SQAPLLRWVLTLS 1482.8558 Heme oxygenase 1 1.0E-02 3 C-term VLP 

SVAILLYLTRKYK 1566.9497 Glutathione S-transferase theta-1 1.0E-02 3 Internal VLP 

SVKEPSKTAKQKR 1485.8627 Centrosomal protein of 78 kDa 1.0E-02 3 Internal VLP 

SYCRNPLCE 1083.4477 Transmembrane protein 39B 2.2E-03 4 N-term CO 

SYTLEDLDREFMD 1632.6978 UDP-glucuronosyltransferase 1-8 1.0E-02 3 Internal VLP 

TGETFVKLVVRLM 1491.8483 Dedicator of cytokinesis protein 1 5.9E-05 4 Internal CO 

THCAW 616.2428 SCO-spondin 1.0E-02 6 Internal CO 

THMGW 630.2584 
NADH-ubiquinone oxidoreductase 

chain 2 
1.0E-02 6 Internal CO 

TISLNISIIFLFL 1492.8905 
Sodium/potassium/calcium 

exchanger 5 
1.0E-02 3 Internal VLP 

TMGHW 630.2584 Midasin 1.0E-02 6 N-term CO 

TMGHW 630.2584 Midasin 1.4E-02 8 N-term VLP 

TMNHF 648.2690 Sperm flagellar protein 2 1.0E-02 6 Internal CO 

TPMKLMKTVMTVLGAFVVCW 2254.1750 Lysophosphatidic acid receptor 3 1.1E-39 4 Internal CO 

TPMKLMKTVMTVLGAFVVCW 2254.1750 Lysophosphatidic acid receptor 3 4.4E-05 5 Internal CO 

TSQCSFSSTIVHV 1394.6500 Period circadian protein homolog 1 1.0E-02 3 Internal VLP 

TSVETVTELTEFA 1425.6875 
Peroxisome proliferator-activated 

receptor alpha 
1.0E-02 3 Internal VLP 



214 
 

TTDPEPHLEELGH 1473.6736 

Pyruvate dehydrogenase E1 

component subunit alpha, testis-

specific form, mitochondrial 

1.0E-02 3 C-term VLP 

TTEKSLKMVQQ 1291.6806 Afamin 8.9E-03 0 Internal VLP 

VENVPPVISTPHH 1424.7412 AP-3 complex subunit mu-1 1.0E-02 3 Internal VLP 

VGPVQEE 756.3654 
A-kinase anchor protein 1, 

mitochondrial 
5.5E-05 8 Internal VLP 

VIISSSILLLGTLLI 1554.0008 Leptin receptor 2.1E-08 0 Internal VLP 

VIISSSILLLGTLLI 1554.0008 Leptin receptor 2.0E-77 1 Internal VLP 

VIISSSILLLGTLLI 1554.0008 Leptin receptor 2.8E-08 2 Internal VLP 

VIISSSILLLGTLLI 1554.0008 Leptin receptor 
4.7E-

297 
3 Internal VLP 

VIISSSILLLGTLLI 1554.0008 Leptin receptor 
3.9E-

100 
4 Internal CO 

VIISSSILLLGTLLI 1554.0008 Leptin receptor 
2.0E-

167 
5 Internal CO 

VLRRIKVTFLDTV 1558.9559 
Autophagy-related protein 2 

homolog A 
1.0E-02 3 N-term VLP 

VNHQN 610.2823 Homeobox protein Hox-D10 1.0E-02 6 Internal CO 

VRDDPRIQHCRRM 1680.8413 Nebulin-related-anchoring protein 1.0E-02 3 Internal VLP 

WDPVM 646.2785 Solute carrier family 35 member F5 1.0E-02 6 C-term CO 

WENQF 722.3024 
Transmembrane 9 superfamily 

member 4 
1.0E-02 6 Internal CO 

WEPSD 632.2442 
Piezo-type mechanosensitive ion 

channel component 2 
1.0E-02 6 Internal CO 

WEQGW 704.2918 
Nucleotide exchange factor SIL1;N-

terminal kinase-like protein 
6.6E-04 6 Internal CO 

WHCTG 602.2271 SCO-spondin 1.0E-02 6 Internal CO 

WKEKKKKKKPIQE 1697.0352 RalA-binding protein 1 1.0E-02 3 Internal VLP 

WKVPP 625.3588 Alpha-mannosidase 2x 1.0E-02 6 Internal CO 

WLAEDRVDFMERS 1652.7617 
E3 ubiquitin-protein ligase 

synoviolin 
1.0E-02 3 Internal VLP 
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WLPAL 598.3479 

GPI ethanolamine phosphate 

transferase 3;Vacuolar-sorting 

protein SNF8;Putative inactive 

carboxylesterase 4;Isthmin-2;Metal 

transporter CNNM1;Adenylate 

cyclase type 4;Cilia- and flagella-

associated protein 54;Protein SZT2 

1.0E-02 6 Internal CO 

WPPFC 648.2730 Otogelin 1.0E-02 6 Internal CO 

WQANM 648.2690 Putative adenosylhomocysteinase 2 1.0E-02 6 Internal CO 

WQEGW 704.2918 Presequence protease, mitochondrial 1.0E-02 6 Internal CO 

YDYLN 686.2912 

Activin receptor type-1C;Cadherin-

19;Cadherin-3;Cadherin-1;E-

Cad/CTF1;E-Cad/CTF2;E-

Cad/CTF3;Cadherin-2;Cadherin-4 

1.0E-02 6 Internal CO 

YEDDEEEGEDEEE 1615.5169 
Nucleosome assembly protein 1-like 

5 
1.0E-02 3 Internal VLP 

YFTYW 778.3326 Inactive rhomboid protein 2 2.6E-03 6 Internal CO 

YHEAW 704.2918 CTP synthase 1 1.0E-02 6 Internal CO 

YHVQC 648.2690 
Multidrug resistance-associated 

protein 4 
1.0E-02 6 Internal CO 

YKRLEIYLEPLKD 1678.9294 Protrudin 1.0E-02 3 Internal VLP 

YLGSPFWIHQAVR 1572.8201 Thrombopoietin receptor 1.0E-02 3 Internal VLP 

YNASW 639.2653 Group 3 secretory phospholipase A2 1.0E-02 6 Internal CO 

YRTMTGLDTPVLMV 1595.8051 Oxidation resistance protein 1 1.0E-02 0 Internal VLP 

YSCKC 602.2193 

Disintegrin and metalloproteinase 

domain-containing protein 28;Slit 

homolog 2 protein;Slit homolog 2 

protein N-product;Slit homolog 2 

protein C-product;Neurogenic locus 

notch homolog protein 1;Notch 1 

extracellular truncation;Notch 1 

intracellular domain;Sushi, von 

1.0E-02 6 Internal CO 
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Willebrand factor type A, EGF and 

pentraxin domain-containing protein 

1 

YSHGW 648.2656 Kallikrein-2 1.2E-04 6 Internal CO 

YSSYGF 722.2912 Arylsulfatase H 1.6E-08 6 Internal CO 

 

VLP: virus-like particles; CO: soluble HA control. 
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Supplemental Table 4.4. 1. Gene ontology analysis of MHC-I-associated peptides identified 

in VLP-treated samples 

 

GO - molecular function # percent 

1 translation regulator activity  1 1.20% 

2 binding  31 36.00% 

3 receptor activity  6 7.00% 

4 structural molecule activity  3 3.50% 

5 signal transducer activity  7 8.10% 

6 catalytic activity  29 33.70% 

7 transporter activity  9 10.50% 

 

GO - biological process # percent 

1 cellular component organization or biogenesis  17 8.90% 

2 cellular process  55 28.60% 

3 localization  16 8.30% 

4 reproduction  1 0.50% 

5 biological regulation  19 9.90% 

6 response to stimulus  18 9.40% 

7 developmental process  11 5.70% 

8 rhythmic process  1 0.50% 

9 multicellular organismal process  8 4.20% 

10 biological adhesion  3 1.60% 

11 locomotion  2 1.00% 

12 metabolic process  38 19.80% 

13 immune system process  3 1.60% 

 

GO - cellular component # percent 

1 cell junction  2 2.10% 

2 membrane  17 17.50% 

3 macromolecular complex  19 19.60% 

4 extracellular matrix  1 1.00% 

5 cell part  33 34.00% 

6 organelle  24 24.70% 

7 extracellular region  1 1.00% 
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GO - protein class # percent 

1 transporter  6 9.80% 

2 transmembrane receptor regulatory/adaptor protein  1 1.60% 

3 membrane traffic protein  1 1.60% 

4 chaperone  1 1.60% 

5 oxidoreductase  4 6.60% 

6 cell adhesion molecule  1 1.60% 

7 enzyme modulator  7 11.50% 

8 lyase  1 1.60% 

9 transfer/carrier protein  5 8.20% 

10 transferase  1 1.60% 

11 transcription factor  6 9.80% 

12 nucleic acid binding  12 19.70% 

13 receptor  6 9.80% 

14 calcium-binding protein  3 4.90% 

15 cytoskeletal protein  1 1.60% 

16 signaling molecule  2 3.30% 

17 extracellular matrix protein  3 4.90% 

 

GO - pathway # percent 

1 Axon guidance mediated by netrin  1 1.30% 

2 Axon guidance mediated by semaphorins  2 2.50% 

3 Apoptosis signaling pathway  2 2.50% 

4 JAK/STAT signaling pathway  1 1.30% 

5 Angiogenesis  5 6.30% 

6 Ionotropic glutamate receptor pathway  1 1.30% 

7 Interleukin signaling pathway  2 2.50% 

8 5HT2 type receptor mediated signaling pathway  1 1.30% 

9 Alzheimer disease-amyloid secretase pathway  1 1.30% 

10 Integrin signalling pathway  3 3.80% 

11 Insulin/IGF pathway-protein kinase B signaling cascade  1 1.30% 

12 

Insulin/IGF pathway-mitogen activated protein kinase 

kinase/MAP kinase cascade  1 1.30% 

13 

Inflammation mediated by chemokine and cytokine signaling 

pathway  5 6.30% 

14 Hypoxia response via HIF activation  1 1.30% 

15 p53 pathway  1 1.30% 

16 p53 pathway feedback loops 2  1 1.30% 

17 

Heterotrimeric G-protein signaling pathway-Gq alpha and Go 

alpha mediated pathway  1 1.30% 

18 Wnt signaling pathway  2 2.50% 

19 VEGF signaling pathway  2 2.50% 
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20 Thyrotropin-releasing hormone receptor signaling pathway  1 1.30% 

21 Toll receptor signaling pathway  2 2.50% 

22 Ras Pathway  3 3.80% 

23 FGF signaling pathway  3 3.80% 

24 T cell activation  4 5.00% 

25 TGF-beta signaling pathway  1 1.30% 

26 Oxytocin receptor mediated signaling pathway  1 1.30% 

27 TCA cycle  1 1.30% 

28 Endothelin signaling pathway  2 2.50% 

29 EGF receptor signaling pathway  5 6.30% 

30 Cytoskeletal regulation by Rho GTPase  2 2.50% 

31 PI3 kinase pathway  2 2.50% 

32 Circadian clock system  1 1.30% 

33 PDGF signaling pathway  3 3.80% 

34 Histamine H1 receptor mediated signaling pathway  1 1.30% 

35 Nicotinic acetylcholine receptor signaling pathway  4 5.00% 

36 B cell activation  1 1.30% 

37 Muscarinic acetylcholine receptor 1 and 3 signaling pathway  1 1.30% 

38 CCKR signaling map  2 2.50% 

39 Pyruvate metabolism  1 1.30% 

40 Gonadotropin-releasing hormone receptor pathway  5 6.30% 
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Supplemental Table 4.4. 2. Gene ontology analysis of MHC-I-associated peptides identified 

in control samples 

 

GO - molecular function # percent 

1 binding  10 34.50% 

2 receptor activity  3 10.30% 

3 structural molecule activity  1 3.40% 

4 signal transducer activity  1 3.40% 

5 catalytic activity  10 34.50% 

6 transporter activity  4 13.80% 

 

GO - biological process # percent 

1 cellular component organization or biogenesis  5 6.80% 

2 cellular process  20 27.00% 

3 localization  4 5.40% 

4 reproduction  3 4.10% 

5 biological regulation  8 10.80% 

6 response to stimulus  5 6.80% 

7 developmental process  6 8.10% 

8 multicellular organismal process  6 8.10% 

9 biological adhesion  1 1.40% 

10 locomotion  2 2.70% 

11 metabolic process  14 18.90% 

 

GO - cellular component # percent 

1 membrane  9 24.30% 

2 macromolecular complex  3 8.10% 

3 extracellular matrix  2 5.40% 

4 cell part  13 35.10% 

5 organelle  9 24.30% 

6 extracellular region  1 2.70% 

 

GO - protein class # percent 

1 transporter  3 11.50% 

2 hydrolase  11 42.30% 

3 enzyme modulator  3 11.50% 

4 transfer/carrier protein  2 7.70% 

5 ligase  1 3.80% 

6 transferase  1 3.80% 

7 receptor  2 7.70% 

8 cytoskeletal protein  2 7.70% 
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9 signaling molecule  1 3.80% 

 

GO - pathway # percent 

1 De novo pyrimidine ribonucleotides biosythesis  1 10.00% 

2 Angiogenesis  1 10.00% 

3 Integrin signalling pathway  1 10.00% 

4 Alzheimer disease-presenilin pathway  1 10.00% 

5 

Inflammation mediated by chemokine and cytokine signaling 

pathway  1 10.00% 

6 Wnt signaling pathway  1 10.00% 

7 TGF-beta signaling pathway  1 10.00% 

8 PDGF signaling pathway  1 10.00% 

9 Cytoskeletal regulation by Rho GTPase  1 10.00% 

10 Nicotinic acetylcholine receptor signaling pathway  1 10.00% 
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Supplemental Table 4.5. Complete list of interactions reported between the MHC-I-associated peptides identified in the VLP-

treated sample 

 

queryXref idgroup fullname species type 
Num 

Public 
PMIDs 

Source 

DBIds 

Interactor 

Types 

Q9NR09 174777 

BIRC6 physically 

associates with 

BIRC6 

Homo 

sapiens 

physical 

association 
1 15200957 

BIOGRID-

677890 

protein - 

protein 

Q13233 480411 

Colocalization of 

MAP3K1 and 

MAP3K1 

Homo 

sapiens 
colocalization 1 11784851 

BIOGRID-

715707 

protein - 

protein 

Q13153 262306 
Colocalization of 

PAK1 and PAK1 

Homo 

sapiens 
colocalization 1 11804587 

BIOGRID-

317166 

protein - 

protein 

Q99575 453327 
Colocalization of 

POP1  and EIF2S1 

Homo 

sapiens 
colocalization 1 22939629 

BIOGRID-

747199 

protein - 

protein 

O75691 191501 
Colocalization of 

VPS18  and UTP20 

Homo 

sapiens 
colocalization 1 22939629 

BIOGRID-

749016 

protein - 

protein 

Q9H269 191504 
Colocalization of 

VPS18  and VPS16 

Homo 

sapiens 
colocalization 1 22939629 

BIOGRID-

742948 

protein - 

protein 

Q5VWQ8 73625 
DAB2IP interacts 

with DAB2IP 

Homo 

sapiens 
self interaction 1 12813029 

EBI-

6692336; 

EBI-

6692328 

protein - 

protein 

O60832 181555 

DKC1 physically 

associates with 

DKC1 

Homo 

sapiens 

physical 

association 
1 21931644 

BIOGRID-

855408 

protein - 

protein 

P35555 7886 

FBN1 physically 

interacts with 

FBN1 

Homo 

sapiens 

physical 

interaction 
1 25034023 

EBI-

9636797 

protein - 

protein 

P84996 224015 

GNAS physically 

interacts with 

GNAS 

Homo 

sapiens 

physical 

interaction 
1 7797570 

BIOGRID-

316551 

protein - 

protein 
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P16401 74615 

HIST1H1B  

physically interacts 

with IRAK4 

Homo 

sapiens 

physical 

interaction 
1 15927069 

BIOGRID-

632455 

protein - 

protein 

P09601 445292 
HMOX1 associates 

with HMOX1 

Homo 

sapiens 
association 1 12500973 

BIOGRID-

275144 

protein - 

protein 

P09601 445296 

HMOX1 physically 

associates with 

HMOX1 

Homo 

sapiens 

physical 

association 
4 

15522396, 

12500973, 

15049686, 

15525643 

BIND-

305590; 

BIND-

113193; 

BIND-

109660; 

BIND-

113194; 

BIND-

108893; 

BIND-

163782 

protein - 

protein 

Q13153 480376 

MAP3K1  

physically interacts 

with PAK1 

Homo 

sapiens 

physical 

interaction 
1 12228228 

BIOGRID-

720318 

protein - 

protein 

Q13233 480407 

MAP3K1 

physically 

associates with 

MAP3K1 

Homo 

sapiens 

physical 

association 
1 11784851 

BIOGRID-

715706 

protein - 

protein 

Q13233 480406 

MAP3K1 

physically interacts 

with MAP3K1 

Homo 

sapiens 

physical 

interaction 
1 11784851 

BIOGRID-

715696 

protein - 

protein 

Q96PY6 374443 

NEK1 physically 

associates with 

NEK1 

Homo 

sapiens 

physical 

association 
1 14690447 EBI-696022 

protein - 

protein 

Q96P20 94819 

NLRP3 physically 

associates with 

NLRP3 

Homo 

sapiens 

physical 

association 
2 

23582325, 

25686105 

EBI-

6910800; 

IDB-

protein - 

protein 
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2061346; 

IDB-

1631978 

P08235 23852 

NR3C2 physically 

associates with 

NR3C2 

Homo 

sapiens 

physical 

association 
1 15967794 

BIND-

330717 

protein - 

protein 

O15294 111243 

OGT physically 

associates with 

OGT 

Homo 

sapiens 

physical 

association 
2 

10753899, 

15361863 

BIND-

302861; 

BIOGRID-

281374 

protein - 

protein 

Q13153 262276 
PAK1 associates 

with PAK1 

Homo 

sapiens 
association 1 10975528 

BIOGRID-

317167 

protein - 

protein 

Q13153 262282 

PAK1 physically 

associates with 

PAK1 

Homo 

sapiens 

physical 

association 
1 11804587 

BIOGRID-

317165 

protein - 

protein 

Q13153 262280 

PAK1 physically 

associates with 

PAK1 

Homo 

sapiens 

physical 

association 
3 

11804587, 

10975528, 

16278681 

BIND-

87589; 

BIND-

87591; 

BIOGRID-

317168; 

BIND-

87590; 

BIOGRID-

740069 

protein - 

protein 

Q13153 262297 
Phosphorylation of 

22000 by 65610 

Homo 

sapiens 
phosphorylation 1 12228228 IDB-117542 

protein - 

protein 

Q9NWZ3 15782 
Phosphorylation of 

28022 by 28022 

Homo 

sapiens 
phosphorylation 1 17141195 IDB-113326 

protein - 

protein 

Q9NWZ3 15788 
Phosphorylation of 

28022 by 28022 

Homo 

sapiens 

phosphorylation 

reaction 
1 21220427 IDB-190153 

protein - 

protein 
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Q13153 262275 
Phosphorylation of 

65610 by 65610 

Homo 

sapiens 
phosphorylation 3 

10995762, 

10980699, 

7618083 

IDB-

117340; 

IDB-

117288; 

IDB-117293 

protein - 

protein 

Q05513 154766 
Phosphorylation of 

86108 by 86108 

Homo 

sapiens 

phosphorylation 

reaction 
2 

11078718, 

15665819 

IDB-

118776; 

IDB-

120715; 

IDB-120711 

protein - 

protein 

O00459 281833 

PIK3R2 physically 

associates with 

PIK3R2 

Homo 

sapiens 

physical 

association 
1 19380743 

BIOGRID-

726260 

protein - 

protein 

Q9UL45 22023 

PLDN physically 

interacts with 

PLDN 

Homo 

sapiens 

physical 

interaction 
2 

16189514, 

15102850 

BIOGRID-

120528; 

BIOGRID-

251821; 

BIND-

215902 

protein - 

protein 

Q9UIW2 296459 

PLXNA1 

physically 

associates with 

PLXNA1 

Homo 

sapiens 

physical 

association 
2 

15187088, 

11239433 

BIOGRID-

315776; 

BIOGRID-

251225 

protein - 

protein 

Q99575 453320 

POP1 physically 

associates with 

POP1 

Homo 

sapiens 

physical 

association 
1 15096576 

BIND-

153546; 

BIND-

151564; 

BIOGRID-

251885 

protein - 

protein 

Q07869 56019 

PPARA physically 

associates with 

PPARA 

Homo 

sapiens 

physical 

association 
1 11698662 

BIND-

102382 

protein - 

protein 
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Q05513 154703 

PRKCZ  physically 

interacts with 

HIST1H1B 

Homo 

sapiens 

physical 

interaction 
1 8663071 

BIOGRID-

860019 

protein - 

protein 

Q05513 154751 

PRKCZ physically 

interacts with 

PRKCZ 

Homo 

sapiens 

physical 

interaction 
5 

21911421, 

21624955, 

19920073, 

15665819, 

7588787 

BIOGRID-

569256; 

BIOGRID-

565828; 

BIOGRID-

608713; 

BIND-

209434; 

BIOGRID-

818000 

protein - 

protein 

Q16827 205345 
PTPRO associates 

with PTPRO 

Homo 

sapiens 
association 1 15978577 

MINT-

62307; 

MINT-

62298; EBI-

7669477; 

EBI-

7670237 

protein - 

protein 

Q96KM6 47048 
RPS27A  interacts 

with ZNF512B 

Homo 

sapiens 

physical 

association 
1 15231748 

BIND-

149778; 

BIOGRID-

834395 

protein - 

protein 

P42226 127111 

STAT6 physically 

associates with 

STAT6 

Homo 

sapiens 

physical 

association 
1 8085155 

BIND-

185448 

protein - 

protein 

Q86TM6 319336 

SYVN1 physically 

associates with 

SYVN1 

Homo 

sapiens 

physical 

association 
3 

19864457, 

21149444, 

24366871 

BIOGRID-

573717; 

BIOGRID-

592993; 

BIOGRID-

938384 

protein - 

protein 
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Q86TM6 319335 

SYVN1 physically 

interacts with 

SYVN1 

Homo 

sapiens 

physical 
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5.1. PREFACE  

Work described in the previous chapters have focused on understanding the robust and 

diverse immunogenicity of the plant-derived VLP that elicit strong and cross-reactive antibody 

responses against both seasonal and pandemic influenza strains in animal models and clinical 

trials. Our experiments demonstrated that H1-VLP-exposed APCs can present HA-derived 

antigenic peptides in the association with MHC I molecules. Further, we attempted to develop a 

novel method for assessment of the humoral immune response to influenza vaccines that would 

measure the titers of ‘functional’ antibodies and has the potential to become a fully automated 

and observer bias-free assay. We used the phenomenon of DiD fluorescence dequenching to 

study fusion of DiD-labelled VLPs with endosomal membranes in U-937 cells and human MDM 

(chapter 2). In the following chapter, we describe the performance of a serological assay based 

on DiD fluorescence dequenching with three influenza strains included in the seasonal influenza 
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vaccine by comparing the DiD dequenching antibody titers with those measured by the 

conventional HAI and MN techniques. 

 

5.2. ABSTRACT 

Background: Serum hemagglutination inhibition (HAI) and microneutralization (MN) 

antibodies are often used as a correlate of protection for influenza. However, these manual assays 

are labor-intensive and difficult to standardize due to variability in biologic reagents used and 

subjective interpretation of the results. 

Methods: Sera with known HAI and MN titers were used to assess a novel test based on 

the inhibition of fluorescence ‘dequenching’. Whole influenza virions (A/California/07/2009 

(H1N1), A/Hong Kong/4801/2014 (H3N2) and B/Brisbane/60/2008) labelled with 1,1′-

dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine perchlorate (DiD) were exposed to serial 

dilutions of serum and mixed with turkey red blood cells followed by acidification of the media 

(pH 5.0–5.5). The H1N1 and B/Brisbane strains were high hemagglutinating while the H3N2 

strain had low hemagglutinating activity. In some experiments, labelled virions were subjected to 

repetitive freeze-thaw cycles prior to use in the assay. 

Results: In the absence of detectable HAI/MN antibodies, there were consistent and 

substantial increases from baseline DiD fluorescence upon acidification. Sera with known high 

titer HAI/MN antibodies reduced or completely prevented DiD dequenching at low dilutions 

with progressive increases in fluorescence at higher dilutions, which permitted a reproducible 

assignment of an antibody ‘titer’ based on baseline and acidified DiD fluorescence values. The 

‘titers’ measured by the DiD dequenching assay were highly correlated with HAI/MN results for 

the H1N1 and B strains (Spearman’s correlation coefficients (rs) 0.874 to 0.946, p < 10−7 to 

10−35). Correlations with HAI/MN titres for the low-hemagglutinating H3N2 strain tested were 

lower but remained statistically significant (rs 0.547–0.551, p < 0.004). Freeze-thawing of the 

DiD pre-stained virus stocks had no significant impact on the results of the assay. 

Conclusions: The DiD dequenching assay may be a labour-saving and more objective 

alternative to the classic serologies. This novel assay could theoretically be standardized across 

laboratories using pre-stained virions and has the potential to be fully automated. 
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5.3. INTRODUCTION 

Over the last 75 years, a large number of serologic tests have been introduced to assess 

the humoral response to natural influenza infection and influenza vaccination (1). Among the 

most important are the hemagglutination inhibition (HAI) and microneutralization (MN) assays 

that have slowly become embedded as ‘reference’ assays over the last half-century (2–4). For 

better or worse (5), these assays have been widely used as a surrogate for protection to both 

license and compare vaccines (4). It is likely that many hundreds of thousands if not millions of 

HAI and MN assays are performed every year in reference, industry and academic laboratories 

around the globe. 

Despite its obvious utility, the HAI and MN assays are not simple assays to perform for a 

number of reasons. First, these assays use a number of biologic reagents such as red blood cells 

from various species (e.g. turkey, horse, guinea pig), either live or inactivated viruses grown in 

hens’ eggs or tissue culture (e.g. Madin-Darby canine kidney (MDCK) cells), virus-like particles 

produced in various systems and receptor destroying enzyme (RDE from Vibrio cholerae culture 

supernatant). Although some aspects of these assays can be automated, they are typically read 

visually and are therefore subject to large operator bias (6). These characteristics make the 

classical serological assays very difficult to standardize. Despite substantial effort over decades 

(7–10), the variance in Geometric Mean Titers (GMT) between industry, academic and public 

health laboratories performing HAI testing for example can still be stubbornly high (e.g. 80-fold 

variation in one recent study) (9). Although the use of international standard sera (9) and 

standardizing methodologies can improve reproducibility (10,11), there is still considerable 

residual variability between laboratories even when both methodologies and reagents are 

harmonized (12). 

Herein we present the results of a proof-of-concept study that targeted the least 

automatable step in the standard serological tests: the visual reading and interpretation of the 

assay. To do this, we exploited dequenching of fluorescence of DiD pre-labeled influenza virions 

(13–15). Hemagglutinin (HA)-mediated fusion of such virions with turkey red blood cells (RBC) 

under acid conditions permits diffusion of the fluorescent dye into a larger membrane area and 

release of fluorescence (up to 40-fold from baseline). In natural influenza infection, the viral 

envelope fuses with host cell membranes in late endosomes where acidification drives 

conformational changes in the HA protein that are required for fusion (16). Theoretically, the 
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pre-incubation of labeled virions with different dilutions of immune serum should prevent such 

dequenching to a greater or lesser extent depending upon the antibody titer. We tested this novel 

assay with three different DiD-labeled influenza viruses included in the 2016–2017 vaccine, e.g. 

A/California/07/2009 (H1N1), A/Hong Kong/4801/2014 (H3N2) and B/Brisbane/60/2008. We 

observed near perfect correlation between the DiD dequenching and classical HAI and MN 

results with the influenza H1N1 and B strains. Correlations with the low-agglutinating H3N2 

strain were lower but were still highly significant. Results were not changed by repeated freeze-

thaws of the DiD-labeled virions. 

 

5.4. MATERIALS AND METHODS 

 

5.4.1. Participants and serum samples 

Serum samples collected from a subset of adult healthy volunteers group participating in 

an influenza vaccination clinical trial (clinicaltrials.gov: NCT03150537) were used in this 

project. Study participants were immunized with a commercial 2016–2017 trivalent split virion 

influenza vaccine (Fluviral, GlaxoSmithKline Inc., Mississauga, ON) containing the following 

antigens: A/California/07/2009 (H1N1), A/Hong Kong/4801/2014 (H3N2) and 

B/Brisbane/60/2008. Paired sera collected prior to (day 0) and at day 21 after vaccination were 

tested for antibodies against the targeted H1N1 (n = 72), H3N2 (n = 26) and B strains (n = 24). 

 

5.4.2. Conventional antibody tests 

HAI titers were determined as previously described (12). Briefly, influenza virus stocks 

were prepared in MDCK cells (ATCC CCL-34). A/California/07/2009(H1N1), A/Hong 

Kong/4801/2014 (H3N2) and B/Brisbane/60/2008 (BBris)-like viruses were provided by the 

National Microbiology Laboratory (Winnipeg, MB). Serum samples were treated with receptor-

destroying enzyme (RDE, Denka Seiken, Tokyo, Japan), heat-inactivated (56°C for 30 min) and 

further diluted to 1:10 with phosphate-buffered saline (PBS, Wisent, Saint-Jean-Baptiste, QC). 2-

fold serial dilutions in PBS (starting at 1:10) of 25 µL serum samples in 96-well V-bottom plates 

(Corning, Kennebunk, ME) were incubated with 25 µL (4 hemagglutination units) of the virus 

for 30 min at room temperature (RT). 50 µL of 0.5% RBCs in PBS from turkey whole blood 

(Lampire Biological Laboratories, Pipersville, PA) were added, and the reaction mixture was 
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incubated for a further 30 min at RT. Wells were examined visually for inhibition of 

hemagglutination, as indicated by the appearance of well-defined RBC ‘buttons’ or teardrop 

formation upon plate tilting. HAI titer was determined as the highest dilution of serum that 

completely prevented hemagglutination. 

MN titers were determined as previously described (17). Briefly, MDCK cells were 

seeded into flat-bottom 96-well plates (Corning, Corning, NY) in HyClone SFM4MegaVir 

medium (MegaVir, Thermo Scientific, Waltham, MA) to achieve confluent cell monolayers. 2-

fold serial dilutions of tested sera starting at 1:10 in MegaVir were incubated with 100 50% 

tissue culture infective doses (TCID50) of the virus for 2 h at 37 °C with 5% CO2. Serum/virus 

mixture was then added to MDCK cells in MegaVir medium with 1 × TPCK (tolylsulfonyl 

phenylalanyl chloromethyl ketone)-treated trypsin (Sigma-Aldrich, St. Louis, MO). After 3 h at 

37°C with 5% CO2, medium in each well was refreshed with MegaVir medium with 

0.75 × TPCK-treated trypsin (1 × TPCK-treated trypsin for H1N1 strain). MDCK cells were 

examined for the presence of cytopathic effect at day 3 to 5 of the experiment, and MN titer was 

defined as the highest serum dilution allowed retaining a confluent cell monolayer. The lower 

limit of detection (LOD) of both of these assays was 1:10. 

 

5.4.3. DiD labeling of influenza virions 

Influenza viruses (H1N1, H3N2 and BBris as above) were propagated in MDCK cells. 

Culture supernatants were collected at peak cytopathic effect and virions were purified from cell 

debris by ultracentrifugation (Optima XPN-90 ultracentrifuge with SW 32 Ti rotor, Beckman 

Coulter, Brea, CA) on 15% – 20% – 30% OptiPrep Density Gradient Medium (Sigma-Aldrich) 

at 174,000 × g for 3 h at 4°C. Virions were stained with the lipophilic dye 1,1′-dioctadecyl-

3,3,3′,3′-tetramethylindodicarbocyanine perchlorate (DiD, Thermo Fisher Scientific, Eugene, 

OR) at a concentration of 20 µg/mL for 30 min at RT and then purified from free dye by gel 

filtration columns (PD MiniTrap G-25, GE Healthcare, Buckinghamshire, UK). To test the 

efficiency of DiD self-quenching, different virus preparations were loaded with DiD at 

concentrations ranging from 1.25 to 80 µg/mL. DiD-stained virus stocks were either used the 

same day or stored at −80°C until used. Some aliquots were subjected to up to two freeze-thaw 

cycles prior to use. 
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5.4.4. DiD dequenching assay 

Serum samples were heat-inactivated, treated with RDE (as above) and serially diluted 2-

fold (starting at 1:10) in 5% Bovine Serum Albumin (BSA, Sigma-Aldrich) in PBS (for 

additional buffering capacity) in 96-well Nunclon Delta black flat-bottom plates (Thermo Fisher 

Scientific, Roskilde, Denmark), 25 µL/well. DiD-labeled virus was diluted in 5% BSA in PBS (8 

hemagglutination units/50 µL) and added to the serum dilutions, 25 µL/well. Plates were 

incubated at RT for 30 min before the addition of 50 µL/well of 0.5% turkey RBC in PBS with 

5% BSA. After a further 30 min incubation at RT, baseline DiD fluorescence was measured 

using an Infinite 200 PRO spectrophotometer (Tecan, Männedorf, Switzerland) at 644 nm 

excitation and 680 nm emission wavelengths. The serum/DiD-stained virus/RBC reaction 

mixture was then acidified by adding 35 µL/well of 0.19% hydrochloric acid (HCl, Fisher 

Scientific Canada, Ottawa, ON) in PBS to achieve a pH between 5.0 and 5.5. Plates were 

incubated for 20 min at 37°C with 5% CO2, and fluorescence was remeasured using the same 

spectrophotometer settings. To establish the magnitude of full DiD dequenching, Triton X-100 

(Sigma-Aldrich) at final concentration 1% was added to the DiD-labelled viral inoculum in some 

experiments. Fluorescence was expressed as arbitrary units (a.u.). Baseline and acidified DiD 

fluorescence intensity curves were then plotted and examined visually. Serum titers for all assays 

are reported as reciprocals of the highest dilution considered to be ‘positive’ in each assay and 

assignment of the DiD dequenching assay titers was performed independently by two individuals 

(A.I.M., A.R.P.) blinded to the HAI/MN titers of the samples. The LOD of the dequenching 

assay was also 1:10. 

 

5.4.5. Automated titer assignment in the dequenching assay 

Although most curves were easy to interpret visually, we wanted to develop an algorithm 

(Microsoft Excel-based) for assigning titers to see if this subjective element of the assay could 

also be eliminated. Individual data sets consisting of the baseline 𝐵(𝑑) and acidified 𝐴(𝑑) DiD 

fluorescence readings for eight serial serum dilutions were analyzed where 𝑑 =

 {1: 10,1: 20,1: 40,1: 80,1: 160,1: 320,1: 640,1: 1280}.  

We used three empirically defined thresholds selected for fitting the calculation results to 

the conventional HAI titers:  

𝑡ℎ1 = 0.25; 𝑡ℎ2 = 2.8; 𝑡ℎ3 = 0.9. 
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We defined 𝑚𝑖𝑛𝐴 and 𝑚𝑖𝑛𝐵 values as: 

𝑚𝑖𝑛𝐵 = 𝑀𝐼𝑁{𝐵(𝑑)};  𝑚𝑖𝑛𝐴 = 𝑀𝐼𝑁{𝐴(𝑑) > 𝑚𝑖𝑛𝐵}, 

We normalized 𝐴(𝑑) and defined its derivative: 

𝑟(𝑑) =
𝐴(𝑑) − 𝑚𝑖𝑛𝐴

𝑚𝑖𝑛𝐴
 

𝑟′(𝑑) = IF 𝑟(𝑑) ≤ 𝑡ℎ1 THEN 
Δ𝑟

Δ𝑑
 ELSE 0 

Next, we attempted to classify each data set using the following two criteria: 

𝐶1 — Acidified readings are too high above the baseline readings 

𝐶1 =
𝑚𝑖𝑛𝐴

𝑚𝑖𝑛𝐵
≤ 𝑡ℎ2 

𝐶2 — It is possible to characterize the acidified fluorescence reading values as a 

U-shaped curve of 𝑟(𝑑) with expressed left arch, nearly horizontal plateau in the middle 

and (present in some cases) small right arch. We aimed to locate the beginning of the left 

arch 𝐿 as 

𝐶2 = ∃𝐿 | 𝑟′(𝑑𝐿−1) ≡ 0, 𝑟′(𝑑𝐿) > 0 

The DiD dequenching assay antibody titer of a given serum sample was then determined 

through falling into one of the three categories: 

Category Description C1 C2 Result of the calculation 

1 ‘Too high above 

the base line’ case 

TRUE any <10 

2 U-shaped curve 

detected 

FALSE TRUE IF 𝑟(𝑑𝐿+1) > 𝑡ℎ3THEN 𝐿 + 1 ELSE 𝐿 + 2 

3 Left slope without 

horizontal plateau  

FALSE FALSE min(𝑖 | 𝑟(𝑑𝑖) > 𝑡ℎ3) 

 

5.4.6. Statistical analysis 

Statistical analyses were performed using GraphPad Prism 6.0 software. We calculated 

Spearman rank correlation coefficients for antibody titers between log-transformed HAI or MN 

titers and DiD dequenching assay results. We also created linear regression plots for visual 
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presentation of the data. For statistical analyses, we assigned a value of 1:5 to antibody titers 

below the LOD for each assay. To examine differences in titers determined by the different 

methods, we applied two-way ANOVA followed by Tukey's multiple comparisons post-test. The 

absolute (a.u.) and fold-increase fluorescence values were presented as mean ± standard error 

mean. 

 

5.5. RESULTS 

 

5.5.1. Anti-H1N1 titers in the DiD dequenching assay 

Baseline fluorescence of the DiD-labelled virus/RBC mixture pre-incubated with either 

PBS (control) or any dilution of human serum was consistently low (23.5 ± 0.15 a.u., Fig. 5.1). 

Acidification of the DiD-stained virions/RBCs mixture after pre-incubation with either PBS or 

HAI/MN-negative serum resulted in up to ∼40-fold (mean fold increase 20.21 ± 0.71) increase of 

DiD fluorescence at all tested serum dilutions (Fig. 5.1A). However, when DiD-labelled virions 

were incubated with HAI/MN-positive samples, acidified fluorescence values formed a U or L-

shaped curve, with a descending left arch that evolved into a near horizontal low plateau at or 

near the baseline (non-acidified) curve. As the antibody titer of the test serum increased, the 

point at which the descending left arch approached the baseline curve was pushed further to the 

left (i.e. higher serum dilutions, Fig. 5.1B–D). The point of intersection was readily apparent by 

visual inspection permitting the confident determination of the serum dilution (±1 dilution) at 

which the plateau phase of acidified fluorescence curve approached/merged with the baseline 

fluorescence curve. The visually-assigned DiD titers were strongly correlated with both the 

known HAI and MN titers (Spearman’s Rank Correlation Coefficients (rs) 0.945 and 0.946, 

respectively – p values on Fig. 5.1E and F). Of note, visual agglutination of RBCs was impaired 

in the presence of BSA that was included in the DiD assay reaction mixture (Suppl. Fig. 5.1A). 

Despite this interference with hemagglutination, the DiD dequenching assay performed well, 

possibly due to the irreversible and rapid nature of the interaction between fully ‘armed’ HA 

molecules with RBC membranes under acid conditions even with such interactions are sporadic. 

Intra-assay and inter-operator reproducibility of the DiD dequenching assay were 

assessed using a test-set of 12 samples with widely varied HAI titers. The DiD titers obtained by 

the two operators who performed all steps of the assay independently on different days were 
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highly correlated (rs = 0.944, Fig. 5.1G). The intra-assay reproducibility between technical 

replicates was very high (Suppl. Fig. 5.1B). When Triton X-100 was added to the DiD-stained 

virus inoculum, destruction of the viral envelope resulted in a massive increase in the DiD 

fluorescence intensity. When virions were labeled with dye concentrations between 10 and 

40 µg/mL, background fluorescence was low, and Triton-released fluorescence was 420- to 570-

fold higher (data not shown). Thus, both DiD labeling and self-quenching were highly efficient 

suggesting that any minor variations in DiD concentration used for virion labeling would be 

unlikely to influence assay performance. 

 

5.5.2. DiD dequenching assay performance with a low-agglutinating H3N2 strain 

Background fluorescence of the DiD-labelled H3N2 virus/RBC mixture was also 

consistently low (20.94 ± 0.39 a.u., Suppl. Fig. 5.2). Acidification of the reaction mixture again 

resulted in an increase of DiD fluorescence in PBS samples up to ∼7-fold (mean fold increase 

4.7 ± 0.26, Suppl. Fig. 5.2A); a difference that was clearly less prominent than observed with the 

high-agglutinating H1N1 influenza strain (p < 0.0001). In the presence of immune sera, acidified 

fluorescence values were lower than the PBS controls and, similar to the H1N1 assay, serum 

dilution curves adopted either an L or shallow U shape with a clear horizontal low plateau. 

Unlike the H1N1 assay however, fluorescence intensities only rarely dropped all the way down 

to baseline levels, even at the lowest dilutions of sera with high HAI/MN titres (Suppl. Fig. 5.2B 

and C). In a small number of samples, the baseline and acidified fluorescence curves were almost 

parallel with the acidified curve slightly above the baseline curve (Suppl. Fig. 5.2D). The 

dilution at which the acidified curve broke into a horizontal plateau or showed a clear lowest 

point was considered as the DiD assay titer in H3N2 data set. The visually-assigned H3N2 DiD 

titers were still correlated with the known HAI and MN titers but the agreement was less robust 

(rs = 0.551 and 0.547 respectively; both p < 0.004 – Fig. 5.2A and B). A striking observation with 

the H3N2 strain was that some samples had very high DiD titers despite having almost no 

detectable HAI or MN antibodies. 

 

5.5.3. DiD dequenching assay performance with influenza BBris strain 

The DiD dequenching assay performed well for anti-B antibodies using DiD-labelled 

BBris. The baseline fluorescence (20.87 ± 0.09 a.u.) and acidified control (PBS or negative serum) 
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curves were similar to what we observed in the H1N1 assay. Up to ∼22-fold (mean fold increase 

9.19 ± 0.71) fluorescence increase was detected upon acidification. The acidified curves closely 

resembled those seen for H1N1 and titers could be assigned easily by visual inspection (±1 

dilution). Correlations between the DiD dequenching assays and the results of HAI and MN tests 

were slightly lower than those seen with H1N1 but were still very high (rs = 0.891 and 0.874, 

respectively – Fig. 5.3A and B). 

 

5.5.4. DiD dequenching assay using labeled virions subjected to freeze-thawing cycles 

Because preparation of the DiD-stained virions required multiple steps that could 

introduce hard-to-control variables (e.g. virus stock concentration and purity, efficiency and 

uniformity of DiD labeling, ultracentrifugation etc.), we decided to assess large-scale production 

with frozen storage of DiD-stained virus (−80°C for 72 h) as well as the robustness of this 

reagent subjected to freeze-thaw cycles. When a large batch of DiD-labeled BBris was used in 

repeated assays after 1 or 2 freeze-thaw cycles, the baseline and acidified curves were 

unchanged, and the correlation between the results using freshly-labeled DiD virions and the 

once- or twice-frozen and thawed virions was excellent (rs = 0.807 and 0.850 respectively – Fig. 

5.4A and B). 

 

5.5.5. Automated assignment of DiD dequenching assay titers 

Similar to conventional HAI and MN assays, the visual interpretation of DiD 

dequenching results can introduce a performance bias. To reduce the risk of such bias, we 

developed a simple algorithm using the baseline and acidified DiD fluorescence curves and 

simple rules to automate the process of titer assignment. When this algorithm was applied to the 

set of H1N1 curves, there was a strong positive correlation between the automated and visually-

assigned titers (rs = 0.944 – Fig. 5.5A), and the automated titers remained highly correlated with 

the known HAI and MN values (rs = 0.910 and 0.911, respectively – Fig. 5.5B and C). Also, the 

correlation between technical replicates of the DiD assay performed in duplicate was almost 

perfect when titers were assigned using the automated algorithm, further supporting the excellent 

reproducibility of the assay (Suppl. Fig. 5.3). The performance of the algorithm was tested with 

both lower (pre-vaccination) and higher titer (post-vaccination) samples from the same 

individuals, and the strong correlations with the conventional HAI data were maintained across 
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the spectrum of titers (rs = 0.837 and 0.810, respectively – Fig. 5.5D and E). Using automated 

titers, the DiD dequenching assay results tended to be slightly lower than the MN values as has 

been previously reported for HAI titers by us (18) and others (19,20). In contrast, visual DiD 

assay titers appeared to be one serum dilution lower than the conventional HAI and automated 

DiD assay titers (Fig. 5.5F). Importantly, using titers determined visually or assigned by the 

algorithm, the seroprotection rates (SPR) and seroconversion rates (SCR) for H1N1 based on the 

DiD dequenching assays were essentially identical with those determined with the classical HAI 

and MN tests (Fig. 5.5G). 

 

5.6. DISCUSSION 

The HAI and MN assays are important tools for the evaluation of the immune response to 

natural influenza infection and influenza vaccination. In the context of vaccination, HAI titers 

are routinely used as a surrogate for protection, to compare products and, in certain situations, to 

license new products (4). Unfortunately, this assay has been very difficult to standardize due to 

the need for multiple biological reagents and a subjective read-out that can introduce substantial 

operator bias (1,5,9). In this paper, we present a pilot, proof-of-concept study that introduces a 

new method for measuring serum antibodies based on the phenomenon of the fluorescence 

dequenching. When influenza virions are ‘loaded’ with a sufficiently high concentration of the 

lipophilic fluorescent dye DiD, self-quenching of fluorescence occurs. When these DiD-labeled 

virions fuse with unstained cell membranes, the DiD molecules are free to diffuse into the larger 

lipid membrane area and quenching is eased; resulting in much greater fluorescence. The 

increased fluorescence with dequenching is proportional to fusion progression (21). This 

phenomenon has been used to study endocytosis of influenza virions and has shown that 

acidification of the endosomal compartment is required for the conformational changes of the 

influenza HA protein that drive fusion of the viral envelope with the endosomal membrane (13–

15,22), and that the speed of fusion is dependent upon the density of HA on the virus surface 

(23). In our assay, we induced the same conformational change in the viral HA by adding HCl to 

the reaction mixture leading to fusion of the viral envelope with the RBC membranes. 

For viruses that exhibit strong hemagglutination such as influenza H1N1 and B strains 

used in this study, the HAI and DiD dequenching assays likely measure antibodies that are very 

similar in character; a supposition that is supported by strong correlation between the assays 



239 
 

(rs = 0.891–0.945). As the name suggests, antibodies measured in the classical HAI target the 

viral HA protein, interfering with binding to its sialic acid receptors and preventing the 

agglutination of RBCs from different animal species (24). However, the spectrum of antibodies 

assessed in the DiD dequenching assay is likely to be broader than the classical HAI since 

interference could theoretically occur at the time of HA binding to its receptors, during the 

conformational changes associated with acidification or during fusion. As a result, the DiD 

dequenching titer may provide a more complete picture of antibody functionality than the HAI 

titer, especially for viruses with low ability to induce agglutination of RBCs. It is tempting to 

speculate that the dequenching assay may be closer in nature to the MN assay in detecting 

‘functional’ antibodies (i.e. interference with binding, internalization and fusion with host 

membranes, release of the viral genome into the cytosol) (24). Although DiD and MN titers were 

strongly correlated for the high-agglutinating strains (rs = 0.874–0.946), the correlation was 

considerably lower for the low-agglutinating H3N2 strain (rs = 0.547). This observation and the 

fact that some sera with very high DiD tires had low or absent MN titres raise the interesting 

possibility that the DiD and MN assays measure distinct subsets of functional antibodies. 

Importantly, GMT values measured in the visually-interpreted DiD dequenching assay using the 

influenza H1N1 strain were generally one dilution lower than those determined with the 

conventional HAI for this particular data set. Clearly the testing of much larger numbers of sera 

in settings where efficacy can be assessed will be required to begin to predict what level of DiD 

antibodies might correlate with clinical protection (3,24). 

As noted above, high inter- and intra-laboratory variability limits the usefulness of both 

the HAI and MN assays (1,12). This poor reproducibility is attributable at least in part to 

difficulties in standardizing the required biological reagents (5,12). Some of these same reagents 

and methods are used in the DiD dequenching assay (e.g. viral propagation and purification, 

sources of RBCs), and this assay has several unique steps that could also be sources of unwanted 

variability (e.g. DiD staining, purification post-staining, etc.). In an effort to eliminate 

confounding from these assay-specific issues, we assessed the robustness of DiD-labelled viruses 

to freezing and to repeated freeze-thaw cycles. We were reassured to find that performance of the 

DiD dequenching assay was not significantly different using pre-labelled virus that had been 

stored at −80°C for up to three days or even subjected to two freeze-thaw cycles. These 

observations raise the possibility of centralized production and distribution of a standard reagent, 
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significantly reducing the variability of one of the test’s major components. Although the 

preparation of labelled virus stocks would lead to additional costs related to the dye itself, 

purification of labelled virions etc., these costs are small (∼ US$3.80 per sample tested) with no 

economies of scale. It is likely that reductions in labor through automation, centralized 

production of labelled viruses and/or the use of other, less expensive lipophilic dyes could more 

than compensate for these extra costs. 

One of the most vulnerable aspects of the conventional serological assays and, by far, the 

most difficult to automate (25,26) is the subjectivity inherent in the visual reading and 

interpretation of results. To address this challenge, we used a panel of sera with known HAI and 

MN titers to develop a predictive algorithm based on baseline and acidified DiD fluorescence at 

8 serial serum dilutions. When we tested this algorithm using 72 paired sera collected before and 

21 days after vaccination, and H1N1 virus, the titers measured with DiD dequenching assay were 

strongly correlated with HAI and MN titers across the broad range of measured titers. 

Assembling these results as GMT, SCR and SPR, the conventional HAI and the DiD 

dequenching assay with algorithmic interpretation were very similar, suggesting that DiD 

dequenching test has the potential to be developed as a fully automated assay that would 

minimize performance bias and support high throughput. 

The current study has several limitations. These include the relatively small number of 

samples studied (n = 72) and the fact that only three influenza strains were tested: 

A/California/07/2009 (H1N1), A/Hong Kong/4801/2014 (H3N2) and B/Brisbane/60/2008. 

Further validation of the DiD dequenching assay will need to include other influenza strains and 

perhaps particularly those with a reduced ability to induce hemagglutination (27,28). Testing 

with a much larger number of samples would also permit refinement of the relatively simple 

algorithm that we used to assign DiD dequenching titers. The current work focused on DiD but 

many other lipophilic dyes are available with different properties that could potentially be 

exploited to further refine this assay (21,29). 

In conclusion, we have developed a novel method to measure ‘functional’ anti-influenza 

antibodies based on DiD fluorescence dequenching that closely parallels the results of classical 

serologic assays for influenza: HAI and MN. While the correlation with the classical assays was 

near perfect for strains exhibiting strong hemagglutination, agreement was lower with an H3N2 

strain that has low hemagglutinating ability. The observation that some subjects have high 
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apparent DiD titers for this H3N2 strain despite having low or even absent HAI/MN titers raises 

the possibility that at least some of the antibody functionality assessed by this novel assay is 

distinct from that measured by the classical tests. This work also raises obvious questions 

regarding the potential use of dequenching in serologic assays for other enveloped viruses that 

fuse with host cell membranes as a part of their life-cycle (e.g. Paramyxoviruses, Flaviviruses, 

HIV among others). Future work will determine the flexibility of this assay and, most important, 

whether or not it can be successfully automated. An assay that measures functional antibodies 

and that can be fully-automated would be an important advance in standardizing influenza 

serologic testing. 
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5.9. FIGURES AND FIGURE LEGENDS 

 

(legend on next page) 
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Figure 5. 1. Anti-influenza A (H1N1) serum antibody titers determined with DiD 

dequenching assay 

(A) to (D) – examples of baseline (solid line) and acidified (dotted line) DiD fluorescence 

curves. (A) – undetectable serum antibodies. (B), (C) and (D) – serum antibody titers 1:10, 1:40 

and 1:640, respectively (indicated with arrows). (E), (F) – linear regression plots show 

correlation between Log2-transformed antibody titers determined with DiD dequenching assay 

and HAI (E) or MN (F); n = 72. (G) – linear regression plot shows correlation between Log2-

transformed antibody titers determined with DiD dequenching assay independently by two 

operators; n = 12. 
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Figure 5. 2. Anti-influenza A (H3N2) serum antibody titers determined with DiD 

dequenching assay 

Linear regression plots show correlation between Log2-transformed antibody titers determined 

with DiD dequenching assay and HAI (A) or MN (B); n = 26. 
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Figure 5. 3. Anti-influenza B (BBris) serum antibody titers determined with DiD 

dequenching assay 

Linear regression plots show correlation between Log2-transformed antibody titers determined 

with DiD dequenching assay and HAI (A) or MN (B); n = 24. 
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Figure 5. 4. DiD dequenching assay with DiD-stained influenza B (BBris) virus preparations 

subjected to repeated freeze-thawing cycles 

Linear regression plots show correlation between Log2-transformed antibody titers determined 

with DiD dequenching assay and HAI. (A) DiD pre-stained virions subjected to a single freeze-

thawing cycle (n = 24). (B) DiD pre-stained virions subjected to two freeze-thawing cycles 

(n = 24). 
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(legend on next page) 
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Figure 5. 5. Anti-influenza A (H1N1) serum antibody titers determined with automated 

DiD dequenching assay 

(A), (B), (C), (D), (E) – linear regression plots show correlation between Log2-transformed 

antibody titers determined by automated and visual interpretation of the DiD dequenching assay, 

n = 72 (A); automated DiD dequenching assay and HAI (B) or MN (C), n = 72; automated DiD 

dequenching assay and HAI prior to vaccination, day 0, n = 36 (D), and at day 21 post-

vaccination, n = 36 (E). (F) – serum antibody titers determined with HAI, MN, visual and 

automated DiD dequenching assays (n = 72, paired samples). GMT and 95% confidence intervals 

are shown. * – p < 0.05; ** – p < 0.01; **** – p < 0.0001. (G) – SCRs and SPRs determined with 

HAI, MN, visual and automated DiD dequenching assays (n = 72, paired samples). 
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5.10. SUPPLEMENTARY MATERIAL 

 

A novel serological assay for influenza based on DiD fluorescence dequenching that is free 

from observer bias and potentially automatable - a proof of concept study 

 

Alexander I. Makarkov, Aakash R. Patel, Valentine Bainov, Brian J. Ward 
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A 

 

B 

 

Supplemental Figure 5. 1. Anti-H1N1 titers in the DiD dequenching assay 

(A) - example of H1N1 virus titration with the standard buffer (row A and B) and in the presence 

of 5% BSA (row C and D). Addition of BSA affected the agglutination of RBCs. (B) –  

(legend continued on next page) 
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reproducibility of DiD dequenching assay. Linear regression plot shows correlation between 

technical replicates of the DiD dequenching assay performed in duplicate. Log2-transformed 

antibody titers presented; n=72, in duplicate. 
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A       B 

 

 

C       D 

 

 

Supplemental Figure 5. 2. DiD dequenching assay performance with low-agglutinating 

influenza H3N2 strain 

(A) to (D) – examples of baseline (blue line) and acidified (red line) DiD fluorescence curves. 

(A) – PBS control, undetectable antibody titer. (B), (C) and (D) – serum antibody titers 1:320, 

1:640 and 1:1280, respectively (indicated with arrows). 
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Supplemental Figure 5. 3. Automated assignment of DiD dequenching assay titers 

Reproducibility of DiD dequenching assay. Linear regression plot shows correlation between 

technical replicates of the DiD dequenching assay performed in duplicate. Log2-transformed 

automatically assigned antibody titers presented; n=72, in duplicate. 
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Chapter 6: General discussion 

 

The influenza vaccine market is large and growing rapidly, with 140–170 million doses 

distributed annually in the United States during the last 5 years (1). This corresponds to US$ 1.8 

billion in 2016, representing about 13% of the overall US vaccine market (2). The US market 

forecast for influenza vaccines by 2021 reaches US$ 2.4 billion, representing roughly a 4.5% 

compound annual growth rate (CAGR) (2). Globally, the influenza vaccine market value is 

estimated at US$ 3.3 billion in 2018, with the CAGR of 6.93%; hence anticipated growth up to 

US$ 4.6 billion by 2023 (3). The market is currently dominated by the IIV products for adults 

and LAIV in the pediatric segment (1,2). However, the LAIV was not recommended in the US 

for the 2017–18 season due to poorly-understood concerns about its effectiveness (4). 

Recombinant influenza vaccines licensed in the US include only two products (Flublok™ and 

Flublok™ Quadrivalent, manufactured by Protein Sciences) that have only recently entered the 

market; however, their market share was less than 1% in 2017-18 (2,4). 

The plant-derived VLP vaccine bearing influenza HA developed by Medicago is a highly 

promising candidate. The HAs expressed by Medicago in plant cells as recombinant proteins are 

structurally identical to those in the circulating influenza stains (5–7). The use of recombinant 

technology allows major limitations of the egg-based vaccine production to be overcome; most 

importantly the mismatch between HA antigenic structure in the vaccine strain and the wild type 

influenza viruses resulting in a reduced vaccine effectiveness (VE). For example, altered 

glycosylation of HA on the egg-adapted influenza strains can strongly affect immunogenicity. 

This is the reason that antibodies elicited in ferrets and humans immunized with the egg-adapted 

2016–2017 H3N2 vaccine strain failed to effectively neutralize the circulating H3N2 viruses (8). 

During the most recent 2017-18 influenza season, the adjusted VE in Canada was 42% overall, 

and 31% in adults 20–64 years old. The adjusted VE against influenza A (H3N2) was 17% 

overall, and only 10% in adults 20–64 years old. Importantly, 49% of the influenza cases were 

caused by type A viruses, and among them 92% were attributable to the H3N2 viruses (9). Low 

VE against influenza A (H3N2) strain was also reported in the US (10) and Australia (11).  

Plant-based production of VLPs does not depend on embryonated hens’ eggs, so 

manufacturing cannot be disrupted by supply issues or variability of the virus growth in eggs 

(12–14). Importantly, plant-based VLP production allows rapid, low cost and large-scale 
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manufacturing of the influenza vaccine, which is a major advantage compared to the only 

currently licensed recombinant vaccines that are produced in insect cells (6,7,15). VLPs are non-

living so the VLP manufacturing process provides a safer environment for operators than 

working with live viruses to make either IIV or LAIV (6,7,16). 

The immunogenicity profiles differ between the major vaccine types. IIVs typically elicit 

stronger serum antibody response than LAIV, whereas cell-mediated immune responses to IIV 

are low or undetectable (17–20). Plant-derived VLPs have been shown to induce robust antibody 

production both in animal models and in humans (6,21–24). Hodgins et al. (25) recently 

demonstrated the superiority of H1-VLPs in triggering a humoral immune response in mice 

compared to a monovalent split virion vaccine of the same influenza strain. Healthy volunteers 

vaccinated with VLP-based monovalent A/California/7/09 (H1N1) or quadrivalent seasonal 

influenza vaccine also mount a long-term polyfunctional and cross-reactive CD4+ T cell 

response, mainly represented by transitional and effector memory subsets. This CD4+ T cell 

response to the VLP-based vaccines was significantly greater than to commercial IIV 

comparators (21,24).  

LAIV, in contrast to IIV, triggers a cytotoxic immune response mediated primarily by 

CD8+ T cells (19,20,26,27). It is generally accepted that this effect of LAIV depends on 

replication on the live virus in infected cells with direct MHC I-restricted presentation of the 

virus-derived antigens (20,28,29). Although cell-mediated cytotoxicity helps to eliminate virus-

infected cells and therefore can’t prevent infection, disease severity and duration as well as the 

risk of complications and the viral spread are greatly reduced in individuals who develop a 

strong CD8+ T cell immunity (30–32). A vaccine capable of inducing a CD8+ T cell response 

might be particularly beneficial for the elderly. The naïve CD8 T cells pool declines with age, in 

parallel with other immune mechanisms (33,34). However, the longevity of memory CD8+ T 

cells may help to maintain a robust recall immune response against influenza even in aged 

individuals. Most people are exposed to at last one influenza strain by the age of 15, either 

through natural infection or vaccination (35,36). In animal studies, CD8+ T cell memory has 

been found to be life-long if the priming occurs early in life, and influenza-specific CD8+ T cells 

have been shown to persist for at least 13 years in humans (37). If a vaccine can elicit even a 

modest CD8+ T cell response, it may help to maintain the memory pool over time (30,38). 

Monovalent H1-VLPs have been shown to trigger a detectable polyfunctional CD8+ T cell 
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response in healthy adults but this effect did not reach statistical significance compared to 

placebo group (21).  

 

In summary, plant-derived VLPs possess a number of immunological features that make 

them a unique vaccine candidate. These characteristics could be attributable to the delivery of 

antigen in the form of nanoparticles that bear influenza HA trimers in an immunologically-

relevant array (6,7,39). Plant lipids forming the VLP envelope, residual plant proteins, 

contamination with Agrobacterium lipopolysaccharide or other factors that are difficult to 

identify could potentially shape the anti-HA immune responses elicited by VLPs (5,6). 

Therefore, it was of great interest to study the mechanisms underlying the unusual 

immunogenicity of the plant-derived VLPs, and this interest led to the primary objectives of this 

thesis. The diversity of immune responses elicited by these novel vaccine candidates encouraged 

a re-evaluation of the ‘standard’ approaches used for the laboratory assessment of the vaccine 

efficacy (40–42). The correlates of protection currently used for vaccine licensure and their 

limitations were discussed in Chapter 1.3.2. In this project, we attempted to develop at least one 

new method to evaluate functional serological response to influenza vaccines.  

 

6.1 MAIN FINDINGS 

This thesis presents major findings from experiments designed to explain the broad 

immunogenicity profile of plant-derived VLPs bearing influenza HA through the study of 

interactions between the VLPs and human APCs. In our first mechanistic study, we looked at the 

interplay between DiD-labeled VLPs and U-937 cells or primary human MDMs. Cell surface 

binding of the fluorescent VLPs became apparent within minutes. Pre-treatment of U-937 cells 

or MDMs with sialidases abolished binding. Moreover, empty vesicles (VLPs that do not bear 

HA or any other protein on their surface) (39) did not significantly interact with the APCs, 

suggesting that HA-VLPs bind to target cells in sialic acid-dependent manner. VLPs bound to 

cell membranes were rapidly internalized, and this internalization occurred at 37°C but not at 

4°C, suggesting an energy-dependent uptake mechanism. The dynamin inhibitor Dynasore™ 

completely prevented VLPs endocytosis by U-937 cells and demonstrated partial inhibitory 

effect in MDM, indicating an important role for dynamin-dependent endocytic pathways. After 

internalization, DiD-labelled VLPs partially colocalized with the LysoSensor Green fluorescent 
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signal, suggesting that a portion of the internalized VLPs had been delivered into acidified 

endosomal compartment whereas other VLPs had remained in compartment(s) at pH close to 

neutral. Some of the DiD-labeled VLPs fused with endosomal membranes of target cells, as 

made apparent by the robust increase of DiD fluorescence intensity (fluorescence dequenching). 

We observed a striking difference in the binding and uptake of H1- vs. H5-VLPs by U-937 cells 

and MDMs: H5-VLPs interacted with these cells with several fold greater efficiency than the 

H1-bearing particles. Finally, exposure of MDMs to H1-VLPs resulted in a dose-dependent 

proliferative response of autologous PBMCs upon co-culturing in vitro, whereas H5-VLPs did 

not cause any PBMCs proliferation. Since all PBMC donors had most likely been exposed to 

H1N1 antigens (i.e. infection, vaccination or both) but had not had previous exposure to H5 

antigens, the recall immune response to H1 but not H5 epitopes triggered the PBMCs 

proliferation. In summary, we looked at key stages of the VLP interactions with APCs such as 

surface binding, internalization, endosomal acidification and endosomal fusion, antigen 

processing and presentation, and observed a great similarity to what we know about wild-type 

influenza virus interactions with target cells. These results were published in the August 2017 

issue of Vaccine and are presented in Chapter 2 of this thesis. 

The rapid and massive internalization of HA-VLPs by human MDMs prompted us to 

study the mechanisms of VLPs uptake as well as to compare them with the soluble HA uptake. 

We quantified the fluorescence intensity of immunolabelled H1 and found that the internalization 

of H1-VLPs became apparent at 5 min of exposure and reached a plateau at 10-15 min. The 15 

min pulse exposure of MDMs to H1-VLPs resulted in ~ 3-fold greater intracellular accumulation 

of HA compared to soluble H1 protein. The H1-VLP uptake mechanisms were CME, CIE, 

macropinocytosis and, probably, phagocytosis. In contrast, soluble H1 was internalized almost 

exclusively by CME. MDMs pulsed with soluble H1 had almost completely lost detectable HA 

immunofluorescence at 45 min, indicating that the protein was handled in a high-degradative 

endosomal compartment. In contract, a portion of endosomes in MDMs pulsed with H1-VLPs 

retained the fluorescence at 45 min whereas other endosomes appeared to lose signal. These 

observations suggested that H1 proteins delivered on VLPs underwent bidirectional trafficking in 

MDMs: endosomes that lost the HA signal likely representing a high-degradative compartment 

and endosomes that retained the HA immunofluorescence were likely low-degradative and 

preserved the protein in non-denatured form. Image colocalization analysis revealed that HA 
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initially colocalized with the early endosomal marker Rab5 and was later delivered into recycling 

Rab11+ endosomes in MDMs exposed to H1-VLPs; the VLP-delivered HA fluorescence also 

colocalized with MHC I fluorescent signal. Segmentation ICCS analysis of HA-positive 

endosomes revealed a substantial increase in HA colocalization with Rab5 and Rab11 markers at 

45 min, suggesting protein retention in static early and/or recycling endosomes.  

We hypothesized that the diversity of HA-VLP uptake mechanisms and bidirectional 

endosomal trafficking of HA in MDMs might favor both MHC II- and MHC I-restricted 

presentation of the VLP-delivered antigens. Although there are strong evidences of MHC II-

restricted HA presentation, including the induction of CD4+ T cell response and robust antibody 

secretion following VLP vaccination in both animal models and human trials, MHC I-restricted 

presentation of HA delivered in the form of VLPs had not been convincingly demonstrated. To 

test our hypothesis, we treated MDMs with either H1-VLPs or soluble H1, immunoprecipitated 

the MHC I – peptide complexes from the MDM lysates, and analyzed eluted peptides using high-

resolution tandem mass spectrometry. No confident HA-derived peptides were detected in the 

lysate of MDMs exposed to soluble H1. In contrast, 115 HA-derived MHC I-associated peptides 

were found in MDMs treated with H1-VLPs, contributing to HA sequence coverage of 12-89%; 

eight of these peptides were detected in more than one donor. Thus, we were able to confirm HA 

cross-presentation by human MDMs in vitro when these cells were exposed to H1-VLPs but not 

to soluble H1. The results of these VLP internalization and endosomal trafficking experiments, 

as well as the proteomics studies are described in Chapter 3 of the thesis and in a manuscript that 

has been submitted to npj Vaccines (under review – July 23, 2018). 

We also analyzed the MHC I-restricted peptides derived from host proteins in human 

MDMs exposed to H1-VLPs with cells treated with soluble H1 serving as controls. A total of 

109 host-derived MHC-I peptides were identified in HA-VLP-treated MDMs, two of which were 

also detected in control samples. The peptides unique to VLP treatment were 13 amino acids 

long on average, slightly more basic and hydrophilic, and predominantly arose through the 

proteolysis by matrix metalloproteinases and cathepsins. The proteins associated with these 

peptides were primarily involved in cellular, metabolic and regulatory processes, and activated 

several pathways including inflammation stimulation and attenuation, response to stimuli, innate 

and adaptive immunity, CME, protein synthesis and endo-lysosomal degradation. These results 
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are described in Chapter 4 of the thesis and in a manuscript that has been submitted to Molecular 

& Cellular Proteomics. 

In the course of these mechanistic studies, a wide range of techniques were applied or 

developed including the DiD dequenching assay described above. Since influenza viruses fusion 

with host cell membranes is a critical event in the virus life-cycle, it occurred to us that the 

dequenching phenomenon might permit the development of a novel method to evaluate the 

serologic response to influenza vaccination/infection. In the dequenching-based serological 

assay, we mixed DiD-labeled wild-type influenza virions with red blood cells (± serum dilutions) 

and measured DiD fluorescence intensity at baseline and after acidification of the reaction 

mixture. We observed a robust increase of the DiD fluorescence intensity in the absence of 

antibodies, and a great reduction of DiD dequenching in the presence of immune sera. This new 

assay allowed us to determine antibody titers against three influenza strains in serum samples 

collected from vaccinated individuals. The dequenching assay titers correlated perfectly with 

HAI and MN titers when high-hemagglutinating H1N1 and B influenza viruses were used, and a 

moderate correlation was observed with the low-hemagglutinating H3N2 influenza strain. We 

believe that this dequenching assay measures functional antibodies that may interfere with 

several key steps in viral invasion including binding to target cells, HA conformational change 

and/or viral envelope-cell membrane fusion. These results were published in the journal Vaccine 

and are presented in Chapter 5 of the thesis. 

 

6.2 FUTURE PERSPECTIVES 

In this thesis, we described significant aspects of the plant-derived VLP interactions with 

human APCs that shed the light on their unusual immunogenicity. These results clearly show 

that the HA-VLPs are promising influenza vaccine candidates. More importantly however, this 

body of work has defined a number of important directions for further studies some of which are 

discussed below: 

 

6.2.1 Exploring the mechanisms of immunogenicity of plant-derived HA-bearing VLPs 

We have demonstrated cross-presentation of influenza HA delivered in the form of VLPs 

by human MDMs. Indeed, the ability of macrophages to cross-present exogenous antigens with 

appropriate stimulation has been previously shown in many studies (43–45). Although our initial 
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focus was MDM and we observed endosomes with a cross-presentation compartment phenotype 

(46–48), it is generally acknowledged that DCs are better cross-presenting cells than 

macrophages (49–51). Therefore, it appears reasonable to reproduce the imaging and proteomics 

cross-presentation studies described above using human MDDC. 

 

6.2.1.1 HA-VLPs processing and presentation by human DCs 

In preliminary experiments, we have observed a rapid and massive uptake of H1-VLPs 

by immature primary human MDDCs; soluble H1 internalization was much less prominent (Fig. 

6.1A – 6.1C). At 45 min of H1-VLPs pulse exposure, MDDCs retained mostly non-denatured 

HA that often re-distributed to the cell periphery, suggesting predominant handling by the 

recycling endosomal pathway (Fig. 6.1A and 6.1C), similar to our findings in the MDM model. 

Conventional colocalization analysis revealed partial colocalization of HA with Rab5 and Rab7 

endosomal markers at 15 min, which were both significantly reduced at 45 min (Fig. 6.1D). The 

HA colocalization with MHC I molecules was high at 15 min and remained at quite a substantial 

level at 45 min (Fig. 6.1E). Although we have not yet studied the recycling endosomal 

compartment in MDDC, a massive reduction of the HA colocalization with Rab5 and Rab7 

markers at 45 min argues for delivery of the antigen into the recycling endosomes. On the other 

hand, the endosomal trafficking kinetics that we established in the MDM model may differ from 

MDDCs. Nevertheless, based on the retention of undegraded HA in MDDCs at 45 min and the 

HA colocalization with MHC I, we expect that MDDCs will also be capable of HA cross-

presentation when HA is delivered in the form of VLPs. Further work will help to address this 

question, and should include at least: 

 Characterization of kinetics of the HA-VLPs endosomal trafficking in MDDCs; 

 MDDCs imaging and detailed characterization of their recycling endosomal compartment 

using Rab11, Rab4, Rab35, Arf6 and other markers (52); 

 Conventional colocalization and segmentation ICCS analyses of HA-positive endosomes; 

 Immunopeptidomics studies of HA-derived peptides in MDDCs. 

It is important to mention that the MDDC model might not be as successful as MDMs in 

evaluating HA cross-presentation. When DC are discussed as potent cross-presenting cells, it is 

often with the ‘classical’ cytosolic pathway in mind (53–55). However, our MDM observations 

suggest that endosomal cross-presentation mechanisms may be active. Moreover, macrophages 
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produce large amounts of reactive oxygen species upon their activation. These reactive oxygen 

species prevent acidification of early endosomes and help to preserve non-degraded antigen over 

time, which is beneficial for endosomal cross-presentation (56,57). Finally, DCs are highly 

heterogeneous, and different subsets exhibit different cross-presentation potential (58–60). Thus, 

MDDCs are not necessarily the ‘best’ model to study HA cross-presentation. 

 

6.2.1.2 Cross-priming of naïve CD8+ T cells and stimulation of the influenza HA-

specific CD8+ T cell memory pool. Human MDDC interactions with autologous CD8+ T 

cells in vitro 

 Our proteomic approach allowed us to demonstrate processing and cross-presentation of 

HA by human MDMs. However, these results provided a ‘snapshot’ of the generation and 

editing the MHC I-restricted peptides. Some of these peptides had an optimal length for binding 

to the MHC I molecules with high affinity and probably for expression on the surface of APC. 

However, other peptides were much longer, and most likely represented the intermediary peptide 

pool that needed to be further trimmed before optimal biding to MHC I molecules was achieved. 

The discovery of HA-derived peptides co-immunoprecipitated with MHC I does not necessarily 

mean that these peptides will inevitably reach the surface of APC and be presented to antigen-

specific T-cells.  

 To begin to address this issue, we have attempted to stimulate the HA-specific pool of 

human CD8+ T cells by co-culturing with autologous MDDCs pulsed with quadrivalent seasonal 

VLP-based vaccine. A licensed trivalent split virion vaccine was used as comparator. We found 

that exposure of MDDC to VLP resulted in the induction of IFN-γ, IL-2 and/or TNF-α 

production by autologous CD8+ T cells from some donors; however, CD8+ T cells from other 

donors responded to the stimulation by MDDC exposed to split vaccine (data not shown). These 

differences may be attributable to the fact that this model relies on the cytokine production by 

pre-existing memory T cells persisting after the natural influenza infection or vaccination. In 

addition, the HA-VLPs we used had only a single viral antigen (i.e. HA), whereas the split 

vaccine was composed of many influenza proteins including those known to contain a number of 

conserved MHC I-restricted epitopes (NP, M1 and others) (61–63). 

 Unexpectedly, we found that co-culturing of VLP-pulsed MDDCs with autologous CD8+ 

T cells led to a dose-dependent formation of multicellular clusters (Fig. 6.2.A and 6.2C). 
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MDDCs treatment with the split vaccine did not cause formation of cell clusters (Fig. 6.2B and 

6.2C). The CD8 fluorescence intensity of these complexes was an order of magnitude higher 

than single T cells, suggesting that each cluster contained multiple T cells. The MDDCs 

(detected by CD209/DC-SIGN expression) were also found in these complexes (Fig. 6.2D). 

These results echo recently published work by Hendin et al. (64) who observed formation of 

PBMC clusters upon in vitro incubation with H1- but not H5-VLPs. The main difference 

between these two experimental systems was that free VLPs were absent from the MDDC – 

CD8+ T cell culture. Thus, cluster formation in the later model could be caused either by VLPs 

bound to but not yet internalized by MDDCs, or by VLP-induced changes in the 

phenotype/functional status of MDDCs themselves. 

 The impact of the VLP-treated MDDC on CD8+ T cells was most prominent in the cells 

incorporated into the multicellular clusters; single T cells examined by flow cytometry were only 

weekly affected by exposure to the VLP-pulsed MDDCs. In this context, several major questions 

need to be addressed: 

 What is the mechanism of cell cluster formation? 

 Is the cluster formation a reversable phenomenon? 

 Do CD8+ T cells incorporated into the clusters remain viable and functional? 

 Does the in vitro clustering of lymphocytes co-cultured with VLP-pulsed MDDCs have 

any in vivo significance? 

 What kind of (immunologically relevant) biological processes are triggered by cluster 

formation? 

 The most convincing way to prove the ability of VLP-based vaccine to cross-prime and 

activate human CD8+ T cells is the ex vivo induction of antigen-specific responses of 

lymphocytes obtained from VLP-vaccinated individuals. The formation of multicellular clusters 

can be avoided if T cells are stimulated ex vivo with HA-derived peptide pool. Landry et al. (21) 

observed a polyfunctional CD8+ T cell responses after H1-VLP vaccination; however, the 

difference between VLP-vaccinated and placebo groups was not statistically significant, 

probably because the blood samples were collected 201 days after immunization. Peak CD8+ T 

cell responses are typically observed one to two weeks during influenza infection (65,66), 

therefore, it would be more informative to collect the blood samples at earlier time points. 
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 The Medicago plant-based production platform allows producing VLPs bearing different 

proteins (6,22,67). Making VLPs that express the influenza core proteins that have been shown 

to elicit a robust CD8+ T cell response in other systems (30,63,68) may be considered in the long 

term. 

 

6.2.1.3 VLP-induced programmed cell death may boost the adaptive immune responses, 

facilitate antigen delivery and cross-presentation by the neighboring APCs 

 The role of programmed cell death mechanisms in the innate defense against influenza 

was discussed in Chapter 2.1.2.5. Importantly, cell death can strongly shape ‘downstream’ 

adaptive immune responses (69–71). The first study that demonstrated the importance of 

apoptosis in cross-presentation of exogenous antigens by non-infected DCs was performed with 

influenza infected monocytes (72). Recently, Chatziandreou et al. (73) demonstrated that footpad 

injection of inactivated H1N1 virus caused rapid death of the subcapsular and medullary 

macrophages in the draining lymph nodes that was essential to elicit the humoral immune 

response against the influenza vaccine. 

It is generally agreed that influenza-induced programmed cell death requires virus 

replication or at least the presence of viral RNA in the dying cell (73–76). Therefore, we did not 

anticipate seeing the induction of apoptosis in immune cells exposed to plant-derived VLPs that 

lack viral RNA. Unexpectedly, we observed a substantial number of apoptotic body-like objects 

(77) in the supernatant of human MDDCs exposed to H1-VLPs; some of which appeared to 

interact with the neighboring MDDCs (Fig. 6.3A). Importantly, the surface of these apoptotic 

body-like objects was covered by HA as revealed by immunostaining, suggesting that they may 

facilitate antigen presentation upon engulfment by the neighboring MDDCs.  

To explore these observations, we studied the apoptogenic effect of VLPs in U-937 cell 

model. Both H1- and H5-VLPs caused a substantial increase in the number of Annexin V-

positive U-937 cells upon 30 min exposure. Co-staining with PI also showed the increase in late 

apoptotic and secondary necrotic cell numbers (Fig. 6.3B and 6.3C). Next, we studied the effect 

of VLP-based quadrivalent influenza vaccine on Caspase 3 and 7 activity in U-937 cells. The 30 

min exposure of cells with VLP-based vaccine resulted in a substantial induction of apoptosis 

and secondary necrosis that became apparent at HA concentrations ≥5.0 µg/mL. In contrast, split 
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virion vaccine used as control in these experiments had a minimal effect on U-937 cells viability 

over the range of HA concentrations tested (1.0 - 15.0 µg/mL) (Fig. 6.3D). 

We believe that these results may help to explain the broad spectrum of immune 

responses elicited by VLP-based vaccines and, in particular, HA cross-presentation (see Chapter 

3 of the thesis). Further work is needed to address some important questions: 

 What is the mechanism of apoptosis induction by non-replicating and viral RNA-free 

VLPs? 

 Is apoptosis the only programmed cell death pathway induced by VLPs; i.e. is there any 

contribution of necroptosis or other pathways? 

 Does the in vitro induction of programmed cell death upon VLP exposure have any in 

vivo significance? 

 What are immunological consequences of the VLP-induced program cell death (i.e. T cell 

priming vs. tolerization, antigen cross-presentation etc.)? 

A substantial reduction in peripheral blood leukocyte numbers due to cell apoptosis was 

observed after mice immunization with the whole virion IIV (78). It is of great interest to see 

whether VLP-based vaccines have a similar effect and, if so, what impact might this have on 

vaccine immunogenicity. 

 

6.2.1.4 VLP fusion with cell membranes may facilitate the innate and adaptive immune 

responses, and favor the cytosolic cross-presentation pathway  

To enter a cell, all viruses must cross a membrane either at the cell surface or within 

endosomal compartments. For most enveloped viruses, this key step in the replication cycle is 

executed when the viral envelope fuses with cell membranes (79–82). In many cases, the 

physical act of viral entry into a cell is sufficient to alert the cell to the presence of an invading 

pathogen. Both viral and VLP envelope fusion with cell membranes can trigger expression of 

type I IFNs and/or ISGs (83–86).  

Holm et al. (87) reported that herpes simplex virus type 1-derived VLPs that lack viral 

capsid and genomic material were able to fuse with primary mouse and human cells, and these 

fusion events induced a type I IFN response and up-regulated the expression of ISGs. The 

responses to these VLPs were dependent on STING but did not require TLR or RIG-I-like 

signaling. Later, the same group reported that influenza A viruses can evade the innate response 
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triggered by the viral envelope fusion with endosomal membranes through an interaction 

between STING and a conserved region of the HA fusion peptide that antagonizes interferon 

production (88). 

We have demonstrated robust fusion of plant-derived VLPs with endosomal membranes 

in U-937 cells and human MDMs (Chapter 2 of this thesis) by DiD fluorescence dequenching. 

However, in contrast to the native influenza viruses, prevention of endosomal acidification with 

ammonium chloride or chloroquine did not affect either the shape or the amplitude of the DiD 

dequenching curve (data not shown). These findings suggest that VLP fusion with endosomal 

membranes may not require acidification and HA conformation changes. One may speculate that 

plant lipids have weaker hydrophobic interactions within the phospholipid bilayer and can more 

easily fuse with the mammalian cell membranes.  

We do not yet know whether or not plant-derived VLP fusion with endosomal 

membranes can trigger type I IFN secretion. If so, the stronger innate response elicited by VLPs 

may enhance the adaptive immunity against influenza (89–91). In addition, massive VLP fusion 

with endosomal membranes may cause significant perturbations of the endosomal membrane 

lipids leading to release of the antigenic material into the cytosol, a prerequisite for the cytosolic 

cross-presentation pathway (49,92,93). Finally, activation of STING can strongly enhance the 

cross-presentation capacity of APCs (94,95). 

 

6.2.2 Plant-derived VLPs as a targeted delivery system  

In recent years, multidisciplinary research efforts in the field of nanomedicine led to the 

development of a variety of nanoparticle-based carrier systems that were potentially suitable for 

targeted delivery of prophylactic and therapeutic agents (96–98). Synthetic nanocarriers can also 

protect the cargo from early degradation in biological environments, establish an antigen 

reservoir for stimulation of adaptive immune responses, ensure targeting the desirable cell 

populations, enhance the uptake of antigens and adjuvants by APCs, and facilitate endosomal 

release of an antigen and stimulate its cross-presentation in the cytosol (99–102).  

Medicago’s plant-derived VLPs can be thought of as biological nanoparticles that have 

been developed as antigen delivery vectors for influenza HA protein (6,7,103,104). VLPs 

demonstrated exciting potential for eliciting robust and diverse immune responses, and can be 
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designed to enable their visualization and tracking, expression of specific components of 

pathogens and targeting the desirable cell populations (16,67,105,106).  

 

6.2.2.1 Endocytic cell receptors for plant-derived HA-bearing VLPs 

A number of proteins, most of which are C-type lectin receptors, have been proposed to 

play a role in cell entry by influenza viruses (Chapter 1.2.2.1.1.2 of this thesis). To date however, 

none has been confirmed to be the ‘true’ influenza virus receptor. HA serves as the principal 

intermediary between influenza virions and target cells (79,107,108), and therefore the HA-

bearing VLPs may utilize the same cell entry pathways as the viruses.  

To address this hypothesis, we used mannan, a complex polymer of mannose residues 

that has been shown to interfere with influenza virus binding to mannose-specific C-type lectin 

receptors such as MR and DC-SIGN/L-SIGN (109). We observed a massive inhibition of the 

H1-VLPs (Fig. 6.4A) and H5-VLPs (Fig. 6.4B) binding and internalization by U-937 cells in the 

presence of mannan. These experiments suggested that either MR or DC-SIGN may serve as the 

entry receptor for HA-bearing VLPs on U-937 cells. Next, we applied DiD-labelled H5-VLPs in 

a mixture with anti-DC-SIGN monoclonal antibody (clone 120612) at 4°C (to prevent receptor 

internalization upon antibody binding) and again found a strong blocking effect of the antibody 

on the VLPs’ surface binding (Fig. 6.4C).  

These preliminary results suggest that, indeed, MR or DC-SIGN may facilitate VLP 

binding and endocytosis by U-937 cells. However, we believe that it is unlikely that only one or 

two molecules ultimately serve as the receptors for influenza virus or HA-VLP entry into target 

cells. Rather, it seems likely that multiple molecules act in concert to facilitate HA-mediated 

uptake. Different cell types may utilize alternative entry receptors, and the ligand – receptor 

binding specificity can be affected by the type of HA (i.e. H1-, H3-, H5- or H7-VLPs) or through 

the HA glycosylation profile. Moreover, modified HA glycosylation on the VLPs may help to 

target them to the specific entry receptor and cell type, achieving the desirable immune 

responses. Therefore, studying the influenza entry receptors has both fundamental and practical 

implications. We can apply different blocking agents such as polysaccharides or monoclonal 

antibodies against the putative entry receptors, or try to down-regulate the expression of these 

receptors; however, proteomic methods like those we used to study the MHC I-restricted 
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immunopeptidome (Chapters 3 and 4 of this thesis) may be more efficient in characterizing the 

influenza virus/HA-VLP endocytic receptor pool.  

 

6.2.2.2 Plant-derived VLPs as intracellular delivery nanocarriers 

We observed a rapid and massive internalization of plant-derived HA-bearing VLPs by 

U-937 cells, primary human MDMs and MDDCs (Chapters 2, 3 and 6.2.1.1). This prompted us 

to test VLPs as nanocarriers for a cargo intracellular delivery. We used STAT6 inhibitory 

peptide (STAT6-IP) – cell penetrating peptide construct (110) as a model cargo for ‘loading’ the 

HA-VLPs.  

In our preliminary experiments, H1-VLPs incubation with nine-arginine-based STAT6-IP 

resulted in a physical association of the peptide with VLPs that was detected by Western blotting 

(Fig. 6.5). These results offer the intriguing possibility of using plant-derived VLPs for targeted 

intracellular delivery of bioactive molecules that have the potential to modify the magnitude and 

shift the Th1/Th2-balance of immune responses.  

 

6.2.3 The establishment of novel correlates of protection against influenza 

The influenza vaccine landscape is rapidly changing with introducing new products that 

differ from the ‘traditional’ vaccines by the nature of antigen (LAIV, viral vectors, VLPs), origin 

of immunogen (DNA, RNA, recombinant proteins), adjuvants, manufacturing platform (insect 

and mammalian cell-based vaccines, plant-derived VLPs) (12,68,111,112). Novel vaccine 

candidates eliciting broadly-neutralizing and cross-reactive serum anti-HA antibodies as well as 

mucosal IgA, antibodies targeting NA and influenza core proteins, and cell-mediated immunity 

are under development (20,26,113,114). However, vaccine licensure is primarily based on the 

traditional serological assays described in Chapter 1.3.2 of this thesis. Alternative methods for 

the assessment of immunogenicity are needed to meet the challenge arising from rapidly 

expanding vaccine development and manufacturing programs (40–42). 

 

6.2.3.1 Advancement in serological assessment of the influenza vaccine response 

We proposed a novel serological assay for influenza based on DiD fluorescence 

dequenching upon fusion of the labelled virions with RBC membranes (Chapter 5 of the thesis). 

We believe that the DiD dequenching-based assay may be measuring different types of 
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functional antibodies such as those that prevent binding of virions to target cells or interfere with 

the HA conformation change and viral envelope fusion with target cells. After comparing the 

results obtained with high-agglutinating vs. low-agglutinating influenza strains, we think that the 

informativeness of DiD dequenching assay can be increased by a more detailed evaluation of the 

curves generated (i.e. the angle between descending part and plateau of the acidified curve, the 

distance between the non-acidified curve and the plateau of acidified curve etc.), and that the 

mathematical examination of the curves could be made more accurate. To achieve these goals, a 

number of additional experiments should be performed, namely: 

 Testing the assay performance with more high-agglutinating and low-agglutinating 

influenza strains; 

 Increasing the number of samples to at least 100 – 200 for each virus strain; 

 Comparing the DiD dequenching assay titers not only with HAI and MN titers but also 

with total serum anti-influenza IgG (measured by ELISA); 

 Drawing the DiD fluorescence curves with narrowed serum dilution steps (i.e. 30 dilution 

points within the range 1:10 to 1:1280). 

Based on these data, we may be able to develop a unified algorithm for interpretation of 

the results that would perform equally well with any influenza strain and provide insight into the 

type of protective anti-influenza antibodies measured. 

 

6.3 CONCLUDING REMARKS 

We live in an exciting time. The novel preventive and therapeutic approaches create 

tremendous hope for full control of the influenza infection. In this thesis, we explored the 

mechanisms of immunogenicity of plant-derived influenza HA-bearing VLP-based vaccine 

candidate developed by Medicago Inc. Unlike many other vaccines, these plant-derived VLPs 

can elicit a broad spectrum of immune responses, including robust production of antibodies that 

are cross-reactive, and transitional and effector memory CD4+ T cells that are polyfunctional and 

also cross-reactive. The main finding of this thesis is that influenza HA delivered in the form of 

VLPs can be cross-presented by human APCs. This observation is, however, only the starting 

point for further studies of the mechanisms underlying the unusual immunological features of 

VLPs.  
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Figure 6. 1. Intracellular HA distribution in primary human MDDCs exposed to H1-VLPs 

or soluble H1 

(A) and (B) Representative images of MDDCs pulsed (15 min) with either H1-VLPs (A) or 

soluble H1 (B) at 15 min and 45 min. Green: immunofluorescent staining of HA, blue: nuclei 

stained with DAPI. (C) HA internalization and degradation by MDDCs pulsed (15 min) with 

either H1-VLPs or soluble H1. The amount of internalized protein was evaluated by the intensity 

of HA immunofluorescence per cell area on confocal microscopy images at 15 min and 45 min; 

35 cells per group were analyzed. (D) and (E) Analysis of HA colocalization with endosomal 

markers Rab5 and Rab7 (D) or MHC I (E) in MDDCs pulsed (15 min) with H1-VLPs at 15 min 

and 45 min; 6 cell-defined ROIs/images per group were analyzed. * p<0.05, ** p<0.01, *** 

p<0.001, **** p<0.0001. 

Contribution of authors: these experiments were planned, performed, and the results were 

analyzed by Alexander I. Makarkov.  
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Figure 6. 2. MDDCs exposure to quadrivalent seasonal VLP-based vaccine caused 

formation of multicellular clusters upon MDDCs co-culturing with autologous CD8+ T cells 

 (A) and (B) Single cell population vs. multicellular CD8+ T cell – MDDC complexes formed 

upon MDDCs exposure to quadrivalent seasonal VLP-based (A) or trivalent split virion vaccine 

(B) at concentrations 0.25, 1.25 or 3.75 µg/mL/strain (by HA content). (C) Number of 

multicellular cluster events after CD8+ T cells co-culturing with MDDCs pulsed with enter 

quadrivalent seasonal VLP-based or trivalent split virion vaccine. Controls: non-stimulated CD8+ 

T cells; CD8+ T cells co-cultured with non-stimulated MDDCs; CD8+ T cells co-cultured with 

MDDCs stimulated by E. coli lipopolysaccharide (LPS). Based on 5 experiments; * p<0.05, ** 

p<0.01, compared to non-stimulated CD8+ T cells. (D) Multicellular clusters formed upon co-

culturing of CD8+ T cells with MDDCs pulsed with quadrivalent seasonal VLP-based vaccine 

express both CD8 and CD209 markers. CD8+ T cells co-cultured with non-stimulated MDDCs – 

left; CD8+ T cells co-cultured with MDDCs pulsed with quadrivalent seasonal VLP-based 

vaccine at concentration 3.75 µg/mL/strain (by HA content) - right. 

Contribution of authors: these experiments were planned, performed, and the results were 

analyzed by Alexander I. Makarkov. 

 

  



286 
 

A 

  
 

B 

 
C 

 
 

 

 



287 
 

D 

 
Figure 6. 3. Plant-derived VLPs induce apoptosis of human MDDCs and U-937 cells 

(A) MDDCs exposed to H1-VLPs for 45 min. A number of apoptotic body-like objects 

(indicated by arrows) are seen on the bright field image (left). Accumulation of HA on the 

surface of apoptotic body-like objects, some of which are interacting with MDDC (right). Green: 

immunofluorescent staining of HA, blue: nuclei stained with DAPI. (B) U-937 cells exposed to 

H1- or H5-VLPs (15 µg/mL) for 30 min exhibit different stages of apoptosis. Annexin V and 

propidium iodide (PI) staining, flow cytometry. (C) H5-VLPs (15 µg/mL, 30 min exposure) 

caused apoptosis of U-937 cells. Quantification of early apoptotic (Annexin V+PI─), late 

apoptotic (Annexin V+PI+) and secondary necrotic (Annexin V─PI+) cells. Based on 5 

experiments; ** p<0.01, compared to U-937 cells that were not exposed to VLPs. (D) U-937 

cells apoptosis assessment using CellEvent™ Caspase-3/7 Green flow cytometry assay. U-937 

cells exposed to VLP-based quadrivalent influenza vaccine (1.0 to 15.0 µg/mL) for 30 min show 

dose-dependent increase in the number of early and late apoptotic events. Split virion 

quadrivalent influenza vaccine did not affect the U-937 cells viability. 

Contribution of authors: these experiments were planned, performed, and the results were 

analyzed by Alexander I. Makarkov. 
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Figure 6. 4. Endocytic cell receptors for plant-derived HA-bearing VLPs 

(A) and (B) Representative images of U-937 cells treated with DiD-labelled H1-VLPs (A) or  

(legend continued on next page) 
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H5-VLPs (B) alone (left) or in the presence of mannan (right). Red: DiD-labeled VLPs. (C) 

Representative images of U-937 cells treated with DiD-labelled H5-VLPs alone (left) or in the 

mixture with anti-DC-SIGN blocking antibody (right) at 4°C. Red: DiD-labeled VLPs, green: 

immunofluorescent staining of DC-SIGN, blue: nuclei stained with DAPI.  

Contribution of authors: these experiments were planned, performed, and the results were 

analyzed by Dr. Sabrina Chierzi and Alexander I. Makarkov. 
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Figure 6. 5. H1-VLPs ‘loaded’ with STAT6 inhibitory peptide (STAT6-IP) 

H1-VLPs were incubated with STAT6-IP (50.0, 5.0 and 0.5 µM) one hour at room temperature 

and then purified by centrifugation. Western blotting revealed the HA (75 kDa and 150 kDA 

dimers) and STAT6-IP (~ 10 kDa) bands in VLP samples ‘loaded’ with STAT6-IP at 

concentrations 50.0 and 5.0 µM. 

Contribution of authors: these experiments were planned, performed, and the results were 

analyzed by Lingrui Meng and Alexander I. Makarkov. 

 


