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Lay Abstract 

The COVID-19 pandemic and repeated influenza virus pandemics over the past century emphasize 

the need for improved vaccines. Current seasonal influenza vaccines are limited by the narrow 

specificity of induced responses and varied efficacy across populations and seasons. Given these 

shortcomings, this dissertation explores various aspects of the human antibody response to 

influenza vaccination. However, these findings can be readily applied to other pathogens of 

interest. This body of work expands our understanding of antibody functions beyond neutralization 

and explores the role of vaccine type on immune imprinting and implications for universal vaccine 

platform selection. Furthermore, we explored the immunogenicity of seasonal vaccines in a heart-

failure patient cohort to support the observation that vaccination reduces cardiac events. 

Investigating these, and other, features of the immune response to influenza vaccination will help 

to progress more effective strategies to combat viral pathogens. 
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Abstract  
 
Viral pathogens impose a significant burden on global public health. Given the increasing 

frequency of epidemics/pandemics, emphasis should be placed on improving current vaccines and 

developing next generation immunization strategies. The significant challenges observed in 

generating an efficacious seasonal influenza virus vaccine highlight the need for such 

advancements.  

 

Influenza results in approximately 650,000 deaths annually, most of which occur in pediatric, 

elderly, and immunocompromised patient populations. Currently approved influenza vaccines 

primarily elicit antibodies targeting the highly variable head domain of the hemagglutinin (HA) 

protein. Acquisition of point mutations in this region render antibodies elicited by seasonal 

vaccines less effective in subsequent seasons. Furthermore, seasonal vaccines do not provide 

protection from a pandemic influenza strain. Immense research efforts have, therefore, focused on 

the generation of a ‘universal’ influenza vaccine. 

 

Identifying optimal vaccine platforms is an ongoing challenge for influenza vaccine development. 

Vaccine delivery route and platform have been shown preferentially elicit different antibody 

isotypes. We demonstrated that stalk IgA antibodies elicit unique Fc-effector functions in 

neutrophils which may contribute to protection in vivo. As such, platforms which stimulate IgA 

should be considered for universal vaccines. Additionally, immune imprinting and pre-existing 

immunity to influenza impact both strain-specific and broadly-protective responses. In children, 

inactivated vaccines may skew immune responses to conserved regions of HA head shared by 

previously-encountered antigens. Induction of antibodies to conserved stalk epitopes is desired for 
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a universal vaccine. We observed varied induction of stalk antibodies across vaccine platforms. 

Finally, seasonal vaccines can be of particular benefit to high-risk populations, such as patients 

with cardiovascular conditions, by preventing potentially life-threating exacerbations of their 

underlying conditions. We showed that inactivated seasonal vaccines were immunogenic and 

effective in these patients. These findings strengthen the observation that vaccine mediated 

protection helps to reduce cardiac events in vaccinated individuals.  

 

Together, this dissertation sheds light on factors affecting the elicitation and function of antibodies 

against influenza virus, which has implications for improving both seasonal and universal vaccine 

development. While the studies presented here focus on influenza virus, many of the findings may 

also be applied to other viral pathogens that cause respiratory infection, and are prone to antigenic 

drift, such as SARS-CoV-2. 
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1.0- Chapter 1:Introduction 
 
1.1 Preface: respiratory viral infections and human health  
 
The generation and administration of effective vaccination remains one of the most impactful 

scientific developments in history1,2. The discovery and implementation of widespread vaccination 

has effectively eradicated many pathogens in certain areas of the world, and has substantially 

reduced mortality resulting from infection1,2. However, the 21st-century has been defined by the 

emergence of multiple epidemics/pandemics of viral origin3. Notably, severe acute respiratory 

syndrome (SARS) coronavirus in 2003, pH1N1 swine flu in 2009, Middle East respiratory 

syndrome coronavirus (MERS) in 2011, and the ongoing SARS-CoV-2 (SARS2) and human 

immunodeficiency (HIV) pandemics3. Additionally, regional, and recurring epidemics of West 

Nile, Zika and Ebola viruses have also been observed.  The emergence and global impact of SARS-

CoV-2 underscores the need for development of innovative strategies to combat viral infections4,5. 

Additionally, pathogens that have plagued humans for centuries, such as influenza virus, are still 

circulating and pose a significant threat to public health6.  

 

While respiratory viruses have obvious health consequences, the impacts of these viruses can be 

felt on societal economic fronts. One study estimated that in the United States alone, both direct 

healthcare related costs and indirect effects (ex. lost productivity), the annual economic burden of 

influenza is approximately $11.2 billion7. In contrast, the economic repercussions of COVID-19 

(Coronavirus Disease 2019) are thought to be in the trillions8. The impact of public health measures 

implemented during the COVID-19 pandemic such as lockdowns and school closures have been 

linked to worsened childhood mental health9. In developing nations, the lack of access to schools 

has been particularly detrimental for young girls further exacerbating pre-existing inequalities. The 
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Malala Fund found that across African countries, over 20 million secondary-school aged-girls 

would not return to school when classrooms re-opened10. For both individual and global public 

health, strategies that can effectively combat viral infections prior to widespread outbreaks are 

urgently needed. 

 

In summary, respiratory pathogens place massive burden on all facets of our society, and vaccines 

represent the best strategy for combating these infections. This dissertation sheds light on the role 

of vaccines and antibodies in preventing influenza virus infection and provides insight into 

strategies for improved seasonal and universal influenza vaccine design. 

 
 
1.1.1 Symptoms and epidemiology of respiratory viral infections 
 
In the Northern Hemisphere, respiratory viruses such as influenza and respiratory syncytial virus 

(RSV) circulate seasonally 11. Increased infection rates are generally observed during the winter 

months, November to February, and are associated with reduced relative humidity, reduced 

temperatures, and behavioural changes12,13. Influenza virus generally presents with symptoms in 

the upper respiratory tract (URT) such as fever, sore throat, runny nose, fatigue, and cough. The 

virus can disseminate to the lower respiratory tract (LRT) with more severe cases resulting in 

secondary bacterial pneumonia14. Prior to the COVID-19 pandemic, the World Health 

Organization (WHO) estimated that influenza virus was associated with approximately 1 billion 

infections, and 290,000-600,000 deaths globally each year15. Public health measures associated 

with preventing the spread of SARS2 drastically reduced circulation of other respiratory 

pathogens16,17. The lifting of these measures in 2022 has resulted in a marked increase in acute 

respiratory virus infections. 
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1.2  Influenza Virus  
 
1.2.1   Influenza virus virology 
 
Influenza viruses are enveloped, single stranded, negative sense RNA viruses that belong to the 

Orthomyxoviridae family14,18. Influenza A virus (IAV) and influenza B virus (IBV) most 

commonly infect and cause respiratory symptoms in humans. Influenza C and D viruses have also 

been identified, but more commonly cause infections in pigs and cattle. IAV contains eight 

genomic segments, of which 4 and 6, encode for the two major surface glycoproteins, 

hemagglutinin (HA) and neuraminidase (NA)14,18. HA is a homotrimeric protein responsible for 

mediating viral attachment to sialic acid on host cells and is composed of two domains, the globular 

head, and the conserved stalk. NA is responsible for cleavage of sialic acids and mediating the 

release of mature virions. The matrix-2 protein (M2), which mediates acidification and subsequent 

uncoating of the viral particle, is also embedded in the lipid membrane. The additional segments 

of the genome encode for the viral RNA dependent RNA polymerase subunits (PB1, PB2, and 

PA), viral nucleoprotein (NP), matrix-1 proteins (M1), and the immunomodulatory factor non-

structural protein 1 (NS1) and non-structural protein 2 also called nuclear export protein 

(NEP)14,18.  

 
 
1.2.2 Influenza virus lifecycle 
 
Influenza viruses bind and enter host cells at mucosal membranes. Virions enter through receptor-

mediated endocytosis after HA binds to sialic acids. Viruses with tropism for human cells bind to 

a-2,6-sialic acids, found in abundance in the human URT, while avian influenza viruses 

preferentially bind to a-2,3-sialic acids found within the avian gut and in human lower airways19,20. 

Following entry, the virus enters a host cell endosome which upon acidification, triggers fusion of 
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the endosomal and viral membranes through conformational changes in HA. The M2 channel 

acidifies the viral core releasing viral ribonucleoproteins (vRNPs) into the host cell cytoplasm21. 

Nuclear localization signals direct the vRNPs to the nucleus where transcription and replication 

occurs. To generate mRNAs required for viral protein production and the generation of new 

virions, the viral polymerase snatches 5’ caps from host cell mRNA14,18. Translation of the new 

mRNAs then occurs in the cytoplasm, using host cell machinery. After protein synthesis, HA, NA 

and M2 are trafficked to the plasma membrane where the new vRNPs are packaged and mature 

virions bud off the cell surface. HA is generally cleaved by host proteases at the host respiratory 

mucosa, allowing virions to spread to new cells. Of note, influenza viruses with pandemic potential 

often contain a polybasic cleavage site allowing for more efficient dissemination, as HA0 can be 

cleaved into HA1 and HA2 by ubiquitous host proteases rather than those limited to the URT22,23 

 
 
1.2.3 Influenza classification and nomenclature 
 
Most viral typing is based on the HA and NA proteins. To-date, 18 HA and 11 NA subtypes have 

been identified24. Based on sequence homologies, IAV HA can be further subdivided into two 

distinct phylogenetic groups (Group 1 (H1, H2, H5, H6, H8, H9, H11, H12, H13, H16) and Group 

2 (H3, H4, H7, H10, H14, H15))14,25,26. Influenza B viruses (IBV), which also causes infections in 

humans, can be subdivided into two lineages, B/Yamagata/16/1988 (B/Yamagata)- or 

B/Victoria/2/1987 (B/Victoria)-like strains27. Although in recent years, no B/Yamagata isolates 

have been detected, after public health measures put in place for COVID-19 mitigated the spread 

of seasonal influenza viruses28. Currently, H1N1 and H3N2 viruses are endemic in the human 

population alongside viruses of both IBV lineages. As a result, seasonal vaccines contain the 
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dominant circulating strains of H1N1 and H3N2 IAV and one ,or both, IBV lineages as 

recommended by the WHO29. 

 
1.2.4 Antigenic diversity of influenza viruses 
 
One of the major challenges in combating influenza viruses is the high level of antigenic diversity 

amongst the main surface proteins HA and NA. Influenza viruses are susceptible to antigenic drift, 

the main driver of annual reformulation of seasonal influenza vaccines14.  The viral polymerase is 

error prone and imparts mutations in the genome that are then subject to selective pressures30. 

Mutations in the HA head domain that reduce antibody binding can confer a selective advantage.  

 

The segmented nature of the genome also allows for antigenic shift. These drastic antigenic 

changes can result in the generation of pandemic influenza virus strains31. Co-infection with 

viruses from different host species can result in re-assortment events which generate virus strains 

with that express glycoproteins against which humans have little/no prior immunity32. 

 
 
1.2.5 Influenza virus transmission and disease pathogenesis 
 
Influenza viruses have been demonstrated to spread through both contact and airborne 

transmission33. Human to human viral spread can also occur by direct contact of an infected 

individual to a naïve person or via fomites on a contaminated surface34. On average, the incubation 

period for influenza is 24-28 hours, and patients are most infectious one or two days before the 

onset of symptoms. 

 

Severe IAV infection is usually characterized by lower airway involvement35. Infection of lower 

airway epithelial cells can cause significant disruption in gas exchange35. In extreme cases, patients 
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may develop acute respiratory distress syndrome (ARDS) and multi-organ failure36,37. A 

substantial portion of the pathology that occurs during influenza virus infection is mediated by 

aberrant immune host responses. Additionally, secondary bacterial infections and pneumonia are 

responsible for a significant portion of influenza related mortality. Post-mortem tissues collected 

during the 1918 Spanish flu have demonstrated that bacterial infiltration into the lungs likely 

contributed to the high death rates38. More recently, during the pH1N1 swine flu pandemic in 2009, 

bacterial lung infections were found in most fatal cases39. 

 

Aquatic birds are generally regarded as the reservoir of IAV as infections in these animals rarely 

results in symptomatic infection40. Low pathogenic avian influenza viruses spread through the 

fecal-water-oral route and commonly cross over to domestic poultry. Direct transmission of avian 

viruses to humans has been recorded, particularly in agricultural settings where prolonged contact 

with infected animals can occur41. However, it is generally thought that an intermediate species, 

such as swine, are required to allow adequate adaptation for humans. It has been demonstrated that 

very few mutations are required to alter receptor specificity. Additionally, recently isolated avian 

viruses (H9N2) have been observed to possess dual a-2,6, and a-2,3 specificity after acquisition 

of a Q226L mutation42. Receptor specificity, presence of a polybasic cleavage site, and ability to 

spread through airborne transmission are usually features indicative of a virus with pandemic 

potential in humans. However, mutations in other gene segments, such as NS1, can also increase 

pathogenesis in humans43. 

 
 
1.2.6 Influenza virus epidemiology  
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H1N1, H2N2, and H3N2 viruses have all caused pandemics in humans44,45. The 1918 Spanish flu 

is regarded as the deadliest pandemic in history, resulting in >40 million deaths46. The 1918 H1N1 

virus circulated in humans until it was replaced by H2N2 in 1957 32,47. Although its origins are 

debated, an H1N1 that showed a high degree of similarity to H1N1 viruses that circulated prior to 

1957 re-emerged in 1977, and H1 and H3 viruses have co-circulated in humans ever since45. 

Highly pathogenic avian influenza viruses (HPAIs) cause periodic spillover events in humans and 

sporadic outbreaks of H5 and H7 have occurred over the past two decades. Although these viruses 

have high mortality rates, there has not been widespread human to human transmission. 

 

Children (<1) and the elderly (>65 years of age) are at high risk for complications following 

influenza virus infection. The developing neonatal immune system is, in part, responsible for the 

susceptibility of young children. In contrast, severe outcomes in elderly individuals may be the 

result of immunosenescence and co-morbitities such as high body mass index (BMI), obesity, 

pulmonary and cardiac conditions, etc.  Pregnancy is also a risk-factor for complications from 

influenza virus infection.  

 
 
1.2.7 Prevention and treatment of influenza virus infection 
 
Numerous antiviral treatments and vaccines for combatting influenza virus are approved and in 

use. Three of the four approved drugs (Osteltamivir (Tamiflu), Zanamivir (Relenza), and Paramivir 

(Rapivab)) are neuraminidase inhibitors (NAIs) which competitively inhibit NA, preventing 

release of mature virions48. The fourth antiviral, Baloxavir Marboxyl (Xofluza), is an orally 

delivered cap-dependent endonuclease inhibitor that was approved for use by the FDA in 201849. 

Unlike NAIs, baloxavir marboxyl interferes with viral RNA transcription. The most effective 
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means of preventing influenza virus infection is through administration of seasonal influenza 

vaccines. These vaccines have been developed across a number of platforms including inactivated 

influenza vaccines (IIV), live-attenuated influenza vaccines (LAIV), adjuvanted inactivated 

influenza vaccines (AV-IIV), and recombinant HA (rHA) vaccines. 

 
 
1.2.7.1 Influenza antivirals 
 
Antiviral drugs have been demonstrated to reduce the length and severity of influenza symptoms. 

However, these drugs are most effective when administered within 24-48 hours of symptoms 

onset48. Generally, antivirals are administered to hospitalized patients, patients with severe illness, 

or those at risk of developing severe complications. In high-risk settings such as healthcare 

environments or long-term care homes, antivirals can be taken prophylactically, however, this is 

not the done routinely to reduce the chance of resistance emerging50.  

 
 
1.2.7.2 Other treatments 
 
Non-NAI treatment of Influenza infection has also been demonstrated to have benefit in a clinical 

setting. Hyperimmune intravenous immunoglobulin (hIVIG) is generated by pooling antibodies 

from multiple donors. IVIG has been demonstrated to have strong anti-inflammatory effects for 

other infectious and autoimmune conditions and acts through a variety of mechanisms. IVIG can 

provide protection through neutralization, saturation of FcgR - reducing aberrant signalling, 

inhibition of complement, and alteration of T cell responses51. IgG from IVIG has been found to 

be heavily sialidated which has been associated with less inflammatory responses52. In a ferret 

challenge model, IVIG generated prior to the 2009 pandemic reduced viral load and mortality from 

both H1N1 and H5N153. 
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A 2011 clinical trial examined the effect of treatment with hIVIG from patients recovered from a 

pH1N1 infection compared to standard IVIG54. They found that hIVIG resulted in reduced viral 

load and mortality. A subsequent multi-national RCT (randomized controlled trial) compared 

IVIG to placebo and observed no differences in outcomes of hospitalized patients55. Increasingly, 

evidence has shown that use of corticosteroids increases adverse outcomes in influenza infected 

patients56. In general, these strategies demonstrated the best result when an NAI was administered 

alongside the adjunctive therapy. 

 
 
1.2.7.3 Seasonal influenza vaccines 
 
Currently approved seasonal vaccines are designed to elicit neutralizing antibodies that prevent 

viral attachment. However, these antibodies are usually strain-specific and do not confer long-

lasting immunity as the globular head domain undergoes antigenic drift. Seasonal vaccine efficacy 

various greatly, even in years with good antigenic match between the vaccine and circulating 

strains, efficacy can range from 40-60 %57. However, in years where mismatch has occurred 

efficacy can be as low as 0 %. 

 

Mismatch between vaccine strains and circulating strains can be attributed, in part, to the lengthy 

timeline required for generation in embryonated chicken eggs, with the process generally 

beginning 8 months prior to the start of the influenza season. The WHO Global Influenza 

Surveillance and Response System (GISRS) evaluates global influenza isolates before 

recommending the vaccine strains for the Northern Hemisphere in February ahead of the next flu 

season, and September for the Southern Hemisphere58. The seed strains must either be egg (or cell 



Ph.D. Thesis- H. Stacey- McMaster University- Biochemistry and Biomedical Sciences 
 

 10 

culture) adapted and verified for antigenicity relative to the reference strain which can take months 

prior to scaling up production and purification. Egg-based adaptations can also impart antigenic 

changes that lead to reduced vaccine effectiveness59,60.  

 

Conventionally, the generation of neutralizing antibodies with hemagglutination inhibition (HAI) 

activity are regarded as a strong correlate of protection. The HAI assay used to measure these 

responses is based on the ability of IAVs to bind sialic acid on chicken red blood cells (RBCs) 

resulting in agglutination61–63. A post-vaccination increase four-fold above baseline HAI titers is 

considered indicative of seroconversion and an absolute HAI response  >1:40 is thought to be 

protective. Although, more recent studies have indicated that higher titers are likely required for 

protection, particularly in children64. 

 
 
1.2.7.3.1 IIVs (Trivalent and Quadrivalent) 
 
The first formalin- inactivated monovalent influenza vaccines were administered in the 1940s65. 

However, by 1947 it became apparent that the vaccine was no longer providing protection from 

the circulating virus and multiple strains would need to be included in the vaccine66. Today’s 

inactivated vaccines are composed of the dominant H1 and H3 strains, and one IBV strain from 

either lineage, in the case of trivalent inactivated vaccines (TIVs)67. Quadrivalent vaccines (QIVs) 

contain both a B/Victoria and a B/Yamagata strain. Standard dose IIVs contain 15 µg of HA/strain, 

as measured by the single radial immunodiffusion assay67. Interestingly, the NA content of 

seasonal vaccines is not directly assessed however, neuraminidase inhibiting antibodies are 

thought to play an important role in protection68. IIVs are generally administered intramuscularly, 

with most being approved for use in individuals >6 months of age. In immunologically naïve 
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children, two doses administered 4 weeks apart has been demonstrated to be required to generate 

protective responses67. 

 

IIVs can be split or subunit vaccines. Most vaccines are inactivated by either formaldehyde or 

beta-propiolactone and split with a detergent such as TritonX-100 or taurodeoxycholate69. 

Detergents work to dissociate the viral lipid envelope. Subunit vaccines undergo further 

purification steps to remove other viral proteins70. A test negative- study of adults >50 years old 

during 2008-2012 who presented to the emergency room (ER) with influenza infections. Split 

vaccines were observed to have 33.5% better relative effectiveness over subunit vaccines in older 

adults71. A European multi-centre case-controlled study found no statistical differences in vaccine 

effectiveness between split and subunit vaccines in the 2012-2013 season72. Differences in the 

cellular responses induced by IIVs may contribute to variable responses as internal viral protein 

content of the vaccines can vary based on formulation. 

 

The majority of IIV vaccines are generated in embryonated chicken eggs. However, a cell culture 

vaccine Flucelvax (Seqirus) has also been approved73. Flucelvax Quad is a quadrivalent inactivated 

vaccine generated in Madin Darby Canine Kidney (MDCK) cells. Candidate vaccine viruses are 

propagated in MDCKs, inactivated with beta propriolactone and purified. While both effective, 

clinical trial findings have demonstrated increased relative effectiveness between cell culture and 

egg grown seasonal vaccines74,75. 

 

Special high-dose IIV vaccine formulations have been generated for use in those >65 years of age. 

Fluzone High Dose (Trivalent and Quadrivalent, Sanofi) is an inactivated, split-virion vaccine 
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contains 60 µg of each strains HA per dose76. A trial comparing standard and high dose TIVs in 

individuals 65+ found that the high dose formulation increased seroconversion, absolute HAI 

titers, and reduced laboratory confirmed influenza cases relative to the standard dose vaccine76. 

 
 
1.2.7.3.2 LAIV 
 
In contrast to IIVs, LAIV is administered intranasally, circumventing the use of needles, and more 

closely mimicking a natural infection. The vaccine was generated through reverse genetics and 

serial passage of donor viruses at cold temperatures (25°C), such that the virus can only replicate 

at the cooler temperatures of the URT77. The HA and NA segments of the WHO recommended 

strain are combined with the six segments of the cold-adapted virus backbone (commonly A/ Ann 

Arbor/6/60 and B/ Ann Arbor/1/66) and then propagated in eggs67. Currently in Canada, the 

vaccine is recommended for use in individuals 2-17 years of age. LAIV has been shown to generate 

mucosal IgA, cross-reactive T cell responses, and systemic IgG in children which can persist for 

up to one year78,79. Vaccine effectiveness has been observed to be higher in children than adults, 

as T cells and local immunity in older individuals can clear the vaccine before mounting an 

effective vaccine response80. 

 

Systemic HAI titers, which have been shown to be a strong correlate of IIV protection, are less 

robust for LAIV. Nasal IgA and IFNg  titers have been suggested as strong predictors of LAIV 

protection78,81. The presence of alternate internal vaccine antigens in LAIV in contrast to subunit 

IIVs has been hypothesized to contribute to the heterosubtypic protection afforded by LAIV. This 

closely resembles a natural infection where cytotoxic T- cells against M and NP are generated.  
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Low LAIV vaccine effectiveness in the 2016-2017 season resulted in the vaccine advisory 

committees in the U.S. and Canada to recommend against use of LAIV in that season82,83. 

Following this, some hesitancy surrounding LAIV effectiveness in children has lingered. 

However, two trials in Western Canada spanning multiple Influenza seasons found that both LAIV 

and IIV were equally efficacious in child cohorts84,85. When investigating immunogenicity of 

LAIV and IIV in children during 2014-2015 seasons, our group has shown that both vaccines 

induced vaccine strain HAI titers however, consistent with the literature, only LAIV induced 

significant mucosal IgA titers86. 

 

 
1.2.7.3.3. AV-IIV 
 
Inclusion of adjuvants in vaccines has been shown to increase immunogenicity and allow for dose 

sparing87. Enhanced seasonal vaccine formulations that contain adjuvants are likely to be 

beneficial for the young children and elderly population who respond poorly to standard dose 

vaccines. In Canada the MF59 adjuvanted vaccine, Fluad (Seqirus), is approved for use in adults 

over the age of 6588. Fluad Pediatric is also approved and contains only 7.5. µg of HA per strain89. 

The inclusion of adjuvants in seasonal influenza vaccines has been associated with increased 

humoral and cellular responses in elderly populations90. A retrospective observational analysis in 

high-risk older adults in the 2017-2018 and 2018-2019 influenza seasons found adjuvanted 

vaccines to be 7.1 (95% CI, 3.3-10.8) and 20.4 (95% CI, 16.2-24.4) times more effective than 

standard IIV91. Enhanced vaccine formulations also increased antibody avidity, polyfunctional T 

cells and stalk specific responses in elderly recipients further supporting the use of these vaccines 

in the highly susceptible population92. 
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Although higher reactogenicity has been observed, AV-IIVs have also demonstrated superiority 

over standard IIVs in children93. In clinical trials, HAI titers against vaccine strains and 

mismatched strains were higher in children who received adjuvanted vaccine94. Greater expansion 

of vaccine specific CD4+ T cells was also observed95. In addition to magnitude, persistence of 

antibodies was also found to be greater in children who received AV-IIV96. Vaccinating children 

with either AV-IIV or QIV performed similarly in preventing community transmission however, 

adjuvanted vaccines were more effective in preventing RT-PCR confirmed infection in children97.  

 

Many pandemic H1N1 and H5N1 vaccines were developed with adjuvants to increase dose 

availability during times of high global demand. The inclusion of MF59 in an H5N1 vaccine 

resulted in higher seroconversion relative to unadjuvanted vaccine recipients and MF59 pH1N1 

monovalent vaccines induced higher HAI and neutralizing antibody titers than those without 

adjuvant98,99.  

 

The increased immunogenicity of adjuvanted vaccines has been attributed to a variety of 

mechanisms. Increased production of inflammatory cytokines has been measured at the site of 

injection which can promote antigen uptake and presentation. Inclusion of MF59 and AS03 has 

also been shown to increase the breadth of responses following vaccination100–102. Universal 

vaccines are being tested both with and without the inclusion of adjuvants. 

 
 
1.2.7.3.4 rHA vaccines 
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One of the primary challenges faced by seasonal influenza vaccines is long lead production time 

required for growth in embryonated chicken eggs. Sub-unit vaccines have been developed 

composed of recombinant HA protein generated using immortalized insect cell lines 67.  

 

Flublok (Sanofi), is a quadrivalent recombinant HA vaccine that is currently licensed for use in 

people over the age of 18. This high dose formulation contains 45 µg of each vaccine antigen and 

has demonstrated efficacy against infection and superior immunogenicity than standard dose TIVs 

in older adults103,104. In children aged 6-59 months FluBlok was safe but less immunogenic than 

TIV105. In a small study comparing cellular responses in adults administered Fluzone (QIV, Split, 

egg), Flucelvax (QIV, Subunit, cells), or FluBlok, found that FluBlok induced greater HAI and 

HA specific CD4+ T cells106. When compared to Fluzone high dose, the rHA vaccine still induced 

stronger T cell responses, which suggested that higher antigen dose was not mediating the effect. 

Differences in HA glycosylation by insect and mammalian cells may explain some of these 

observations. The absence of bulky glycans on conserved epitopes can increase accessibility and 

breadth of responses.  

 

1.2.8 Challenges addressed by next generation influenza vaccines 
 
Currently approved seasonal influenza vaccines represent the most effective strategy for 

preventing infection however, there remains much room for improvement107. The limited breadth 

and longevity of protection afforded by current vaccines remains their largest limitation. 

Generating immune responses against more conserved viral epitopes/ proteins will help to 

overcome some of these limitations. During the 2020-2021 season, 193.8 million doses of seasonal 

influenza vaccines were distributed in the United States alone, with an average cost per dose of 
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about $25 dollars108,109. This results in over $8 billion dollars being spent every year to revaccinate 

just the U.S. population.  

 

Many of the challenges faced in the generation of more efficacious influenza vaccines are shared 

by other respiratory pathogens. For example, immune evasion by emerging variants of SARS2 has 

reduced vaccine effectiveness necessitating the development of bivalent boosters110. Thus, many 

of the challenges and considerations for generating next-generation influenza vaccines can be 

applied to other pathogens that undergo antigenic drift. 

 
 
1.2.8.1 Understanding and harnessing immune history  
 
Unlike other viral pathogens, for which vaccination or infection can confer lifelong immunity, 

humans are repeatedly exposed to influenza virus through both annual vaccination and infection111. 

These repeated exposures result in diverse immune histories and antibody repertoires which can 

influence the response to subsequent exposures. The first exposure to an influenza virus leaves an 

indelible imprint on the immune system, such that antibody titers against strains that circulated 

earliest in an individual’s life remain the highest. This phenomenon was termed ‘original antigenic 

sin’ (OAS)112. These antibodies are maintained by ‘back-boosting’ events through exposure to 

drifted viruses113.   

 

The boosting of antibodies to historical strains can be detrimental when focused on non-

neutralizing epitopes in the variable head domain. However, recent work has suggested that OAS 

responses can also generate cross-reactive antibodies114. Recall of immune responses against 

conserved epitopes is the goal of next-generation vaccines, in this way OAS may be beneficial. 
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Rational immunogen design and inclusion of adjuvants are being employed to stimulate memory 

responses against more desirable epitopes.  

 

The influence of immune history becomes increasingly challenging with age. The impact of prior 

exposure on vaccination is extremely nuanced and has been associated with both increased 

protection from infection and interference with mounting effective vaccine responses. 

Understanding these intricacies is imperative in generation of more broadly protective vaccines.  

 
1.2.8.2 Targeting conserved epitopes 
 
Immunodominance refers to the preference of the immune system to display certain peptides, 

skewing antibody responses to dominant epitopes on antigens. For influenza viruses 

immunodominance can impact immune responses at various levels. At the protein level, despite 

M1 being the most abundant protein in viral particles, followed by NP, HA and NA in terms of 

quantity (M1 >NP >HA >NA), antibody responses are preferentially mounted against HA115.  

 

Immunodominance hierarchies also exist within the HA protein itself, with the HA stalk domain 

being immunosubdominant to the HA head. Accessibility of stalk-reactive B cells to the HA stalk 

on virions or the surface of infected cells, limiting activation, can in part explain the disparity. 

However, when responses to recombinant HA were assessed, increasing accessibility to stalk 

epitopes, significant increases in stalk antibodies were not observed. This suggests that other 

intrinsic factors such as host genetics, pre-existing immunity, and B cell receptor (BCR) affinity/ 

frequency may drive the establishment of these hierarchies. Specific epitopes within HA have also 

been found to be immunodominant. For H1 responses are generally focused on the antigenic sites 

Cb, Sb, Ca1, Ca2, and Sa116,117 and on H3 viruses’ antigenic sites A, B, C, D, E are preferred118,119.  
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Observed germline restrictions also contribute to the induction of broadly reactive B cells. Similar 

immunoglobulin variable heavy (VH) gene usage has been observed for broadly neutralizing 

antibodies against IAV, HIV and Hepatitis C virus. For example, the usage of the VH1-69 gene 

has been observed to be a common feature across many infectious pathogens.  VH1-18, VH6-1, 

VH3-30 genes have also been observed to confer IAV stalk binding120–122. Germline targeting 

strategies with specific immunogens may offer another method of stimulating stalk responses.  

 

The generation of broadly-neutralizing antibodies (bnAbs) may be further limited by the 

observation that these antibodies often display poly-reactivity, including to self-antigen123–125. B 

cells which express these antibodies may be removed during selection to maintain tolerance 

leaving a smaller pool of cells which can be stimulated to produce HA stalk antibodies. Recent 

work has demonstrated that polyreactivity is a feature of naïve B cells which go on to form the 

broadly-neutralizing MBC pool126. This suggests, that polyreactivity is a pre-requisite and not 

acquired through affinity maturation. Polyreactive antibodies were also observed to have increased 

flexibility and affinity which may contribute to the breadth of binding they exhibit. Next-

generation vaccines will need to overcome immunodominance and target naïve B cell populations 

with desirable fates to stimulate responses against HA stalk epitopes. 

 
 
1.2.8.3 New routes of administration  
 
Numerous candidate antigens which generate broadly reactive responses have been identified. 

However, the ideal vaccine formulation and/ or route of administration of these immunogens has 

not been determined. Vaccine delivery via the mucosal route represents an attractive strategy for 
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combatting respiratory viral infections. Intranasal administration of LAIV has demonstrated 

efficacy in combating seasonal influenza84. In the context of COVID-19 vaccines, the elicitation 

of site-specific mucosal immunity has demonstrated benefit over conventional systemic immune 

responses127. Mucosal vaccines provide protection at the site of infection and can induce stronger 

tissue resident effector and memory responses than systemic vaccination. In addition to increasing 

the breadth of antibody responses, next-generation vaccines may also endeavor to enhance tissue 

specific and cellular responses. The use of mucosal delivery systems, mucosal targeted adjuvants 

or “prime-pull” vaccine regimens should be explored alongside broadly- reactive immunogens. 

 
 
1.2.8.4 Special populations 
 
Influenza infections disproportionately impact the very young and elderly. Immunosenesence can 

impair both the ability to combat infection and the generation of effective vaccine responses. 

Evidence from seasonal vaccine trials has demonstrated that not all vaccine platforms may preform 

equally in all age cohorts. For example, LAIV has demonstrated superiority in younger individuals 

with limited exposure histories. Similar differences may exist for UIV platforms. Recent work 

from our group found that sequential seasonal vaccination with IIV or LAIV increased stalk 

antibodies in children81. Interestingly, the magnitude of increase was inversely correlated with age. 

In adults stalk antibodies have been observed to naturally increase with age, likely due to repeated 

exposure to drifted viruses113,128. While the long-lived nature of stalk antibodies can contribute to 

protection, boosting stalk responses may get more difficult with age and exposure125,129. Following 

the 2009 pandemic it was observed that people previously vaccinated with a related 1976 H1N1 

strain had pre-exisitng H1 stalk antibodies. However, they did not exhibit a significant boost in 

stalk antibodies following vaccination for 2009 pH1N1130. Extensive exposure histories likely 



Ph.D. Thesis- H. Stacey- McMaster University- Biochemistry and Biomedical Sciences 
 

 20 

result in reactivation of memory responses to the immunodominant HA head domain. Results from 

an rHA vaccine study showed that despite the highest baseline of stalk antibodies in elderly 

individuals (65+), while the greatest induction occurred in middle aged participants 18-49)128. 

These findings support that different universal vaccine platforms may be required for different age 

cohorts to overcome issues such as pre-existing immunity. 

 
 
1.2.8.5 Pandemic preparedness 
 
One of the major challenges universal or next-generation vaccines must address is prophylactic 

protection from pandemic strains. Viruses are rapidly changing, and effective, prophylactic 

treatment methods represent the strongest means of protection against these threats. One of the 

early challenges in combating SARS-CoV-2 infection was the lack of effective therapeutics or 

prophylactic antiviral drugs. Similar delays in availability were observed during the 2009 Swine 

flu outbreak131. By the time the pandemic vaccine was deployed and administered, the largest wave 

of pH1N1 had already passed. Avian influenza viruses represent viruses with high pandemic 

potential, however current seasonal vaccines do not provide protection from these strains. 

Advancing vaccines against pandemic threats in the clinical pipeline would drastically improve 

our readiness for the next pandemic. For example, during the 2014-2015 outbreak of Ebola virus 

(EBOV), the VSV- EBOV vaccine was able to be rapidly deployed for use and was a contributing 

factor in controlling the outbreak132. However, this would not have been made possible without 

decades of prior work. Investment and investigation into strategies for emergent pathogens before 

an outbreak is our best defense in the face of new viral threats. 

 
 
1.2.9 Next generation influenza vaccine strategies 
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Next generation or broadly-neutralizing influenza vaccines aim to provide long lasting, broad 

protection against all circulating and future strains of influenza virus133. Ideally, a UIV would 

provide protection from all group 1 and group 2 subtypes, as well as IBVs. The National Institute 

of Allergy and Infectious Disease (NIAID) established that that UIVs should be at least 75% 

effective in all age groups and provide protection for at least one year from all IAVs133. These 

vaccines will undoubtedly have different correlates of protection in comparison to conventional 

vaccines. While stalk antibody titers have been indicative of protection in animal models, they 

were only found to reduce viral shedding in a human challenge model134,135. Additionally, 

serological data from adults hospitalized during the 2015-2016 influenza season suggested that 

HA head antibodies were more effective in providing protection than stalk antibodies136. In 

contrast, a more recent study which examined household transmission of influenza virus did find 

stalk antibodies to be predictive of protection137. Stalk-based antibodies provide protection through 

engagement of Fc effector functions. The evaluation of functional responses may require the use, 

and standardization, of more informative assays such as antibody dependent cellular cytotoxicity 

(ADCC), antibody dependent cellular phagocytosis (ADCP), and multiplexed bead-based 

readouts138. Other facets of immunity such as T cell and mucosal responses should also be 

considered in next generation vaccine design. 

 
 
1.2.9.1 HA stalk-based strategies 
 
HA based strategies remain the most heavily investigated in the context of UIVs. Numerous 

strategies have demonstrated promise pre-clinically. One of the challenges in generating next-

generation vaccines is diverting the immune response to immunosubdominant epitopes in the HA 

stem. To circumvent this, researchers have designed stabilized “headless HAs” which provided 
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homologous and heterologous protection in animal models139,140. The immunogenicity of HA stem 

only immunogens was observed to increase when administered in the context of self-assembling 

ferritin HA stem nanoparticles141. Stabilized H1 stem nanoparticles provided heterologous 

protection from H5 infection in mice. Refocusing the immune response on the HA stem has also 

been achieved by modification of glycans on the HA head domain. By introducing glycans at the 

dominant epitopes in the H1 head (Ca, Cb, Sa, Sb) higher titers of HA- stalk antibodies were 

induced142. Computationally optimized broadly reactive antigens (COBRA) have also been 

generated to increase the breadth of responses against HA. Using this method consensus sequences 

of HAs from different circulating and pandemic subtypes are generated and expressed on viral like 

particles (VLPs)143.  

 

The administration of chimeric HAs (cHA) is one of the most developed strategies along the 

clinical pipeline144. cHAs are composed of conserved HA stalk domains but express exotic HA 

heads, such as those from avian influenzas to which humans have no pre-existing immunity145. 

Sequentially exposing individuals to cHAs with the same stalk but repeatedly different heads 

directs memory responses against the stalk domain, as de novo head responses are required. Results 

from a Phase I trial demonstrated that this vaccination method was safe and immunogenic, with 

inactivated adjuvanted cHA vaccines inducing stronger responses after one dose than LAIV 

cHAs146. The IIV formulation was pursued in a phase I-II study, where priming with adjuvanted 

cH8/1N1 and boosting with cH5/1N1 demonstrated superior immunogenicity147. More clinical 

evidence is required to demonstrate superior efficacy of UIVs over conventional vaccines. 
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With the success of nucleotide-based vaccines during the COVID-19 pandemic, this technology is 

already being applied to both seasonal and pandemic influenza vaccines. A recent mRNA vaccine 

candidate composed of modified mRNA encoding for 20 different HAs, encompassing all IAV 

and IBV subtypes was recently shown to be protective in both mice and ferrets148.  

 
 
1.2.9.2 Other universal vaccine strategies 
 
Other vaccine strategies have focus on targeting internal proteins, such as NP, or the M2 ion 

channel. Both targets are highly conserved across IAVs making them attractive immunogens for 

broad acting vaccines. These platforms have been demonstrated to provide protection through T 

cells or non-neutralizing, fc-activating antibodies149. Several M2 vaccines have been tested in pre-

clinical and clinical settings. Independently, M2 is not strongly immunogenic so fusion proteins 

have been generated to increase immunogenicity. Fusion of M2 to the hepatitis B viral core and 

vaccination intraperitonially and intranasally, protected mice from homologous and heterologous 

infection150. Expressing fusions of M2 to flagellin (TLR5 agonist) was also shown to be protective 

in animal models151–153.  

 

Viral vectored and peptide vaccines aimed to enhance T cell mediated immunity have also been 

explored. A recent clinical trial assessing immunogenicity of a conserved peptide based M1-M2-

NP vaccine demonstrated enhanced cellular immunity (CD4+, CD8+ T cells, and IFN-g) in 

vaccinated participants154. A modified vaccinia Ankara (MVA) based vaccine expressing NP and 

M1 induced strong CD8+T cell responses when assessed in Phase I trials155. While T cell-based 

strategies have been demonstrated to reduce severe disease, cellular immunity alone is likely 
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insufficient in preventing URT infection. Next-generation vaccines will likely need to induce both 

antibody and T- cell based immunity. 

 

NA is also being considered as a target for UIVs. Current vaccines can elicit anti-NA response, 

although quantification of NA in vaccine preparations and subsequent immunogenicity are not 

regularly monitored. However, anti-NA antibodies elicited after infection have been observed to 

provide broad protection156. Within NA subtypes, less antigenic drift is observed across seasons157. 

Therefore, the breadth of protection afforded by influenza vaccines may be improved by inclusion 

of NA targeted approaches. 

 
 
1.3 Fc-Effector functions  
 
1.3.1 Antibody structure and function 
 
Human antibodies are “Y” shaped, approximately 150 kDa (kilodalton) proteins that are composed 

of two heavy (50 kDa) and two light chains (25 kDa) linked by disulphide bonds158. Antibodies 

are analogous to BCRs however, the lack of a hydrophobic anchor sequence results in the secretion 

of the protein. The first domain of the antibody is known as the variable or antigen binding (Fab) 

region and confers the ability to bind specific antigen. The sequence of the constant domain 

determines antibody isotype158. In humans, antibodies can be found as IgM, IgD, IgG, IgA and 

IgE, with IgG being further broken down into the IgG1, IgG2, IgG3, and IgG4 subtypes. IgA, 

which is most abundant at mucosal surfaces, is expressed as IgA1 and IgA2 in humans. In addition 

to binding pathogens via the Fab, antibodies elicit protection through Fc-effector functions that are 

stimulated by interaction of the Fc segment of the antibody and cognate Fc receptors (FcR) on 

immune cells. Antibody isotype has been found to influence antibody effector functions.  
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1.3.2 FcR general description 
 
Humans express a host of activating and inhibitory FcR. IgG antibodies bind to FcgR, this family 

of receptors includes activating receptors; FcgRI, FcgRIIa, and FcgRIIIa. These receptors contain 

intracellular tyrosine activation motifs (ITAMs) which become phosphorylated and initiate 

effector functions such as ADCP, ADCC, and cytokine release. Both FcgRI and FcgRIIIa require 

recruitment of the common FcRg chain as they do not have intrinsic signalling motifs. FcgRIIb 

and FcgRIIIb are inhibitory receptors which containing intracellular tyrosine inhibitory motifs 

(ITIMs). These receptors also vary in their affinity for binding IgG, only FcgRI is a high affinity 

FcR. Due to its high affinity, FcgRI can become saturated by monomeric IgG. The remaining 

receptors require multivalent immune complexes to initiate efficient receptor crosslinking and 

signalling, with IgG1 and IgG3 displaying the highest affinity for activating receptors159. 

 

The previously discussed FcgR are known as type I receptors; however, immunoglobulins can also 

bind type II receptors such as DC-SIGN and CD23. These lower affinity receptors can induce anti-

inflammatory responses to IgG binding159. Fc composition, such as subtype and glycan presence, 

can influence binding to FcR. Glycosylation at position A297 mediates binding to type I or II 

receptors. For example, sialydation alters Fc structure such that affinity for IgG is enhanced for 

type II receptors160. Lack of a fucose at this position increases binding to FcgRIIIa stimulating 

more inflammatory responses. Recent findings have demonstrated the importance of post-

translational antibody modification on COVID-19 disease severity. The abundance of afucosylated 

IgG1 was shown to be associated with increased disease severity161–163. IgA also binds to an 

activating type I receptor, FcaR, which is present on myeloid cells164.  
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1.3.2.1 Fc-FcR are required for protection by bnAbs in vivo 
 
The engagement of FcR has been demonstrated to be essential for influenza broadly-neutralizing 

antibodies to provide protection in vivo. Murine studies showed that when an HA stalk binding 

monoclonal antibody was expressed as IgG2a, IgG1, or with a D265A mutation only mice 

administered the bnAb in the activating IgG2a backbone were protected165. For both IgG1 and 

D265A antibodies, FcR engagement and activation was abrogated, as IgG1 binds the mouse 

inhibitory FcgRIIB and D265A abolishes Fc-FcR binding. A follow-up study demonstrated that 

all non-HAI antibodies, including stalk-binding, non-neutralizing, and NAI antibodies require 

FcgR engagement to provide optimal protection166. Through cellular depletion experiments in 

mice, it was demonstrated that alveolar macrophages are the Fc-bearing cell required for Fc- FcgR 

mediated protection by bnAbs167. However, similar studies have not been performed for IgA 

isotype bnAbs. As a result, the contributions of IgA mediated effector functions in antibody 

mediated protection from influenza remain to be further studied. 

 
 
1.4 Immunoglobulin A (IgA) 
 
1.4.1 IgA biology  
 
IgA is the most abundant immunoglobulin at mucosal sites and is found in numerous forms 

throughout the body. In serum, IgA is largely present in its monomeric form. In humans, 

monomeric IgA can be further classified into IgA1 and IgA2. IgA1 has a longer hinge region and 

is more abundant in serum (present at 9:1). Although the relative ratio of IgA1 and IgA2 differs 

throughout the body, IgA1 is found to predominate at the nasal mucosa (80-90%) and saliva 

(60%)164. The subtypes are more evenly distributed (50%) in the female genital tract and the large 
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intestine. Differences in neutrophil effector functions induced by IgA1 and IgA2 have recently 

been observed168. 

 

At mucosal surfaces, IgA is present as dimeric IgA (dIgA), two monomers linked by a joining 

chain (J-chain). After being transported to the apical side of the mucosal epithelium by the 

polymeric immunoglobulin receptor (pIgR) part of the receptor, the secretory component, remains 

bound to the antibody164. dIgA with the addition of the secretory component results in secretory 

IgA (sIgA). The role of IgA in immunity is often overlooked, as IgA deficiency is common. It is 

estimated that 1 in 500-1000 people have selective IgA deficiency, although most of these 

individuals do not have elevated susceptibility to infection169. 

 
 
1.4.2 IgA FcaR (CD89) 
 
IgA binds to the FcaR on the surface of myeloid cells. The receptor is composed of two 

extracellular domains (EC1 and EC2), a transmembrane domain and short cytoplasmic tail. FcaR 

binds IgA at a 2:1 ratio at the interface of the EC1 and second region constant heavy chain. 

Additionally, the FcaR does not have intrinsic signalling domains and requires interaction with 

the common g chain (FcRg) which has intracellular tyrosine activation motifs (ITAMs) to initiate 

signalling. The FcRg chain is also required for FcgRI and FcgRIIIa. Tyrosines of the FcRg are 

phosphorylated by src family kinases. Downstream signalling results in activation of the nuclear 

factor kappa-light-chain enhancer of activated B cells (NF-kB) transcription factor that results in 

pro-inflammatory functions. Immune complexes containing IgA most effectively initiate receptor 

crosslinking and signal transduction, monomeric IgA alone can induce iTIM signalling. 
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Interestingly, mice do not express a functional FcaR homologue which has limited in vivo work 

elucidating the role of IgA mediated Fc-effector functions170. 

 
 
1.4.3 IgA fc-effector functions  
 
Antibody isotype has been shown to influence the nature of neutrophil effector functions. IgG 

stimulates phagocytosis while IgA preferentially triggers NETosis171,172. In the context of stalk 

mediated IgG responses, it is known that two-points of contact are required to efficiently engage 

Fc-responses; the HA receptor to sialic acid on the host cell and the Fc of an antibody bound to 

HA binding to its cognate FcR on an innate immune cell173. Interestingly, IgA has been 

demonstrated to neutralize viruses relative more potently than IgG174. While, the presence of 

multimeric IgA at mucosal surfaces and increased avidity may in part explain the increase. C-

terminal sialic acids on IgA molecules have been demonstrated to bind the HA receptor binding 

site175. This glycosylation can therefore account for the increased potency and antiviral activity 

exerted by non-neutralizing IgA. Recent work has also identified that only stalk epitope specific 

IgA antibodies engage FcaR176. IgA has been demonstrated to induce unique effector functions in 

neutrophils. Further, IgA1 and IgA2 induce different functional outcomes168. IgA2 elicits more 

inflammatory functions in neutrophils168. This has been attributed to differential glycosylation 

patterns on the IgA subtypes, with IgA1 being more heavily sialydated. 

 
 
1.4.4 The role of IgA in influenza responses 
 
Vaccination with LAIV has been demonstrated to disproportionately induce IgA antibodies 

relative to IIVs, particularly at the mucosa86. Recombinant IgA more efficiently prevented 

influenza infection in guinea pigs compared to IgG177. IgA has also been demonstrated to have 
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enhanced heterosubtypic protection relative to IgG178,179. In a human challenge model of infection 

reduced viral shedding from the nose was correlated with high levels of serum and mucosal IgA180. 

Current intramuscular vaccines elicit serum IgG to a greater magnitude. The elicitation of 

influenza specific IgA responses in the URT and LRT by IgA plasmablasts was found to be 

induced only following intranasal vaccination181. In conclusion, designing vaccine strategies 

which take advantage of the IgA response to influenza viruses should be considered. 

 
 
1.5 Neutrophils 
 
1.5.1 Neutrophil biology  
 
Neutrophils or polymorphonuclear cells (PMNs) are the most abundant white blood cells in 

circulation and the first cells to respond to sites of infection and inflammation. These short-lived 

cells are characterized by a distinctive multi-lobed nuclei and cytoplasmic granules. The primary 

granules contain proteases such as neutrophil elastase (NE), myeloperoxidase (MPO), and 

cathepsin G. Other proteins such as lactoferrin, matrix metalloproteinase 9 (MMP9), and gelatinase 

can be found in secondary and tertiary granules. Neutrophils are generally regarded as professional 

phagocytic cells but also utilize the production of reactive oxygen species (ROS), degranulation, 

and the release of neutrophil extracellular traps (NETs) to clear pathogens182,183. These 

antimicrobial defenses are often stimulated by the detection of pathogen associated molecular 

patterns (PAMPs) and damage associated molecular patterns (DAMPs) by pattern recognition 

receptors (PRRs) on the surface of the cell184. However, human neutrophils also express a full 

complement of FcR on through which they can interact with antibodies and perform Fc- effector 

functions such as ADCP and ADCC138.  
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1.5.2 Neutrophil extracellular traps (NETs) 
 
Neutrophils undergo a unique form of cell death called NETosis, which results in the formation of 

Neutrophil Extracellular Traps (NETs). NETs are composed of decondensed chromatin which is 

released outside of the cell and coated with antimicrobial enzymes previously stored with the 

neutrophilic granules. While these structures can cause immunopathology and inflammation, 

NETs are also able to trap and inactivate a variety of pathogens, as first identified by Brinkmann 

and Zychlinksy182. Most commonly, NETs have been associated with the inactivation of bacteria 

and fungi but have been demonstrated to inactivate viruses (ex. HIV-1, RSV, Chikungunya virus 

(CHIKV), IAV). The role of NETs in sterile inflammatory conditions such as autoimmune diseases 

(systemic lupus erythematosus (SLE) and rheumatoid arthritis (RA)), cancer, diabetes, cystic 

fibrosis, thrombosis, gallstone formation is now also beginning to be recognized184. 

 

NETosis is a regulated form of cell death which can occur in response to a variety of stimuli. 

Following detection of PAMPs and DAMPs, the NADPH (nicotinamide adenine dinucleotide 

phosphate) oxidase complex (NOX) produces ROS which activates protein arginine deiminase 4 

(PAD4). PAD4 mediates the citrullination of histones by changing arginine residues to citrulline, 

resulting in reduced positive charge and chromatin decondensation185. Generation of ROS was 

demonstrated to be essential for NET release, as neutrophils from individuals with chronic 

granulomatous disease (CGD) who have compromised NADPH activity do not undergo 

NETosis186. Decondensation is further promoted by NE and MPO which get released from 

granules and translocate to the nucleus187. NET release culminates with nuclear and plasma 

membrane disruption.  
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Yipp et al. recently identified that neutrophils may also be able to undergo a process known as 

‘vital’ NETosis in response to bacterial infections188. In contrast to the classical ‘suicidal’ NETosis, 

vital NETosis occurs rapidly and without disruption of the plasma membrane. The cells, now 

‘anuclear cytoplasts’ can continue to perform some functions such as phagocytosis and 

crawling189. There is some evidence that NETs are instead packaged and released via vesicles 

during vital NETosis188.  

 

 
1.5.3 Role of neutrophils in protections from influenza virus  
 
Infiltration of neutrophils into the lung has been demonstrated to protect mice from influenza 

infection. Depletion of neutrophils in vivo resulted in higher viral titers and increased mortality, 

suggesting that neutrophils are required during the initial stages of infection190–192. In contrast, 

excessive neutrophil and macrophage lung infiltration has been attributed to the high mortality 

observed in the 1918 pandemic. Neutrophils also play important roles in mediating CD8+ T cell 

responses against influenza infection193. Following infection, neutrophils leave behind a CXCL-

12 trail which attracts T cells to the site of infection. The multifaceted role of neutrophil during 

viral infection further supports the complex nature of these cells. 

 
 
1.5.4 Role of neutrophils in influenza infection pathogenesis 
 
Neutrophil activation and recruitment have been associated with ARDS and secondary bacterial 

pneumonia, both commonly observed complications following influenza infection. In severe cases 

of influenza infection, high levels of plasma NETs or NET components were associated with 

worsened outcome194. In a murine model of infection, it was observed that increased neutrophil 

recruitment to the lung resulted in increased lung tissue damage195. Neutrophils mediate this 
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through the release of granular enzymes which can damage the alveolar epithelium leading to 

edema and vascular leakage. Additionally, viral infection may also impair the ability of neutrophils 

to combat bacterial infections. The bactericidal capacity of neutrophils was significantly reduced 

following uptake of viral particles, as oxidative burst was impaired196. Subsequent studies 

involving IAV and Staphylococcus aureus demonstrated that MPO release and granule-phagosome 

fusion was altered197. These findings suggest that NETs can contribute to adverse outcomes and 

increased disease severity following influenza infection. 

 
 
1.5.5 NETs and other viruses 
 
The impact of NETs on outcomes to other viral infections is also highly context dependent. 

Regarding protection, NETs have also been found to be protective in Chikungunya infection198. 

HIV-1 virions have also been shown to be trapped and inactivated by NETs in an MPO and a-

defensin specific manner199. Although, neutropenia is often observed in patients who have 

advanced acquired immunodeficiency syndrome (AIDS) resulting in heightened susceptibility to 

bacterial infections. The role of NETs in respiratory syncytial virus (RSV) has further reinforced 

the circumstantial role of NETosis in infectious illness. In vitro assays demonstrated that RSV can 

be sequestered by NETs200. However, in children and calves NETs were observed to airway 

obstruction following infection. Similarly, increases in dsDNA following rhinovirus infections 

were shown to exacerbate type-2 inflammation in humans and mice201. Degrading NETs or 

inhibiting NE were demonstrated to alleviate immunopathology in a murine model.  NETosis has 

also been observed to play a role in the pathogenesis of non-respiratory viral infections202. 

Activation of platelets during dengue virus infection releases extracellular vesicles which result in 

toll-like receptor 2 (TLR2) mediated NET formation. Blockage of this pathway resulted in 
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increased survival in a murine model203. Platelet activation of neutrophils and subsequent 

blockages in the liver were also observed following poxvirus infection204.  

 

NETs have also been implicated in the pathogenesis of COVID-19. The progression to ARDS, 

which has been previously associated with neutrophilic infiltration, was also observed following 

SARS2 infection. Elevated NET markers (MPO-DNA, and histone 3) were detected in the sera of 

infected patients205,206. NETs were also found in post-mortem lungs from patients who succumbed 

to SARS2 infection. Interestingly, SARS2 was observed to directly activate neutrophils205. These 

observational studies point to NETs contributing to COVID-19 pathogenesis however, whether 

NETs drive disease severity or result as a by-product of infection remained to be further 

investigated. In a study of critically ill COVID-19 patients, neutrophil function, including NET 

release, correlated with disease severity207. Humoral responses have been shown to influence 

neutrophil responses in COVID-19. IgA antibodies were shown to induce NETosis, and IgA-to-

IgG ratios were elevated in severe disease, further suggesting the contribution of neutrophil 

activation in COVID-19 pathogenesis208,209. Furthermore, intravascular NETs have also been 

hypothesized to contribute to the formation of thrombi and may contribute to abnormal 

coagulopathy and multi-organ failure observed in severe COVID-19 infections210. In summary, 

the role of NETs during viral infections in multifaceted. While the release of NETs can provide 

effective prevention in slowing viral dissemination, overabundant NET formation can drive 

immunopathology. 

 
 
1.6 The role of immune history on influenza immune responses 
 
1.6.1 OAS and immune imprinting 
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Original antigenic sin (OAS) was first identified by Thomas Francis in the 1960s112. His early 

studies described that HAI titers remained highest against influenza strains an individual was 

exposed to earliest in life211. He hypothesized that these antibodies were boosted by exposures to 

closely related strains. These findings were also supported by work in animal models and other 

human samples212,213. Since the identification of this serological response, our understanding of 

the antigenic variability of influenza has increased. Antigenic imprinting builds off Francis’ 

observation and specifically refers to the phenomenon of first exposure to influenza virus shaping 

subsequent immune responses. Mechanistically, the hierarchal nature of antibodies to influenza by 

OAS and following imprinting are supported by back-boosting events113. Where secondary 

exposure to related viruses boosts antibodies against conserved epitopes. 

 

Additionally, OAS is not limited to influenza viruses. It has been observed following sequential 

Dengue infection214. More recently, OAS has been shown in the context of seasonal coronaviruses 

and SARS2215. Despite the negative connotation of ‘sin’, the role of OAS in immunity is highly 

context dependent. Both historical and more recent studies have demonstrated that OAS can be 

beneficial in some instances. 

 
 
1.6.2 Mechanisms underlying OAS 
 
Both cellular and humoral immunity have been implicated in the establishment of ‘OAS’ and 

imprinted immune responses. Strong evidence has implicated high titers of pre-existing antibodies 

in the establishment of OAS. Elevated antibodies against conserved but non-neutralizing epitopes 

may bind and sequester antigen (antigen clearance) before de novo response can be generated216. 
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In doing so, responses against novel vaccine antigen or virus strains are blunted. This process is 

known as epitope masking.  

 

Additionally, memory B cells (MBCs) from prior exposures may additionally drive OAS 

responses. MBCs specific to conserved portions of HA may have lower activation thresholds than 

naïve B cells and outcompete naïve B cells for help for T cells in the germinal centre skewing 

responses to more historical strains. However, recent work in mouse models has demonstrated that 

naïve B cells make up a significant portion of secondary germinal centres217,218. This suggests that 

serological contributions to OAS may be more profound. The Victora lab also recently 

demonstrated using molecular fate mapping that epitope masking by pre-existing antibodies, rather 

than MBC competition in germinal centres (GCs), interfere with naïve B cell activation219. 

 

CD4+ T cells also play an imperative role in the antibody response to influenza virus as they are 

required for the generation of effective humoral responses. The Sant lab has demonstrated that 

individuals with repeat exposure to influenza have diminished CD4+ T cells which may further 

impact antibody responses220. 

 

Various immunological features contribute to antibody hierarchies, however antigenic 

characteristics also influence these responses. Namely, the antigenic distance between two related 

viruses has been shown to result in positive or negative interference of historical antibodies against 

novel strains221. When the level of relatedness between the primary and secondary strains is high, 

significant back-boosting of antibodies occurs. This has a positive effect on protection when the 
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circulating virus is also antigenically similar. When circulating strains are highly dissimilar to the 

priming antigen antibodies raised following vaccination221.  

 
 
1.6.3 The role of OAS in protection from infection 
 
There has been a variety of epidemiological evidence supporting the beneficial role of original 

antigenic sin-like responses in providing protection from secondary infections. During the 1918 

pandemic lower mortality was observed in older adults, this has been attributed to prior exposure 

to H1N1222,223. Similarly, prior exposure to the 1918 H1N1 virus or closely related variants, 

provided immunological benefit during the 2009 swine flu outbreak. Mortality was lower in older 

individuals who had previous H1N1 exposure224,225. 

 

Imprinting has also been shown to provide heterologous protection, this occurs by stimulation of 

antibodies to the conserved HA stalk. Gostic et al. found that imprinting with seasonal HA 

provided protection from avian HAs of the same phylogenetic group. For example, early childhood 

exposure to group 1 HAs (H1, H2) reduced susceptibility to H5N1 infection and exposure to group 

2 (H3) reduced infection to H7N9114. Similarly, stalk antibodies induced after vaccination with 

pandemic H5N1 or H7N9 vaccines were found to vary depending on early life H1 or H3 exposure, 

respectively226,227. 

 
 
1.6.4 The role of OAS in susceptibility to infection 
 
Notably, unique excess mortality patterns were observed in the 1918 Spanish flu pandemic. Unlike 

other pandemics which increased mortality in the very young and the elderly, creating a ‘U- 

shaped’ mortality curve, a ‘W-shaped’ curve was seen in 1918. Excess mortality was observed in 
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middle- aged adults (20-40 years of age). One of the hypotheses proposed to explain this unusual 

increase is the presence of pre-existing immunity to another influenza subtype, likely the H3Nx 

virus which circulated in 1890223. More recently, imprinting may explain the high disease burden 

amongst middle aged adults in the 2013-2014 influenza season where the acquisition of a point 

mutation prevented binding of antibodies from earlier H1N1 exposures228. 

 
 
1.6.5 The impact of OAS on vaccine responses 
 
A variety of factors contribute to the varied influenza vaccine effectiveness observed across 

seasons. Immune history of vaccinees undoubtedly plays a role in some of the discrepancies in 

protection between years, although OAS has been improperly implicated in the reduced 

effectiveness observed in repeat vaccinees229. A series of studies examining the effectiveness of 

repeat vaccination reported conflicting results. Hoskins et al. found no benefit of repeat 

vaccination, while a 5-year study of repeat vaccination with an inactivated vaccine supported 

repeated annual vaccination230. The antigenic distance hypothesis has since been presented to 

reconcile the differing results. Recently real-world evidence from three influenza seasons in 

Canada demonstrated that impact of prior vaccination varies on a season-to-season basis consistent 

with the antigenic distance hypothesis231. 

 

Additionally, imprinting on vaccine specific epitopes has been implicated in years with reduced 

vaccine effectiveness, particularly against A/H3N2. This was particularly apparent during the 

2012-2013 season and 2016-2017 following the acquisition or absence of a key glycosylation site 

in egg-grown vaccine strains, respectively59,60. In 2012-2013 VE was observed to be low despite 

good antigenic match to circulating strains. Skowronski et al. identified that the vaccine strain 
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acquired a glycosylation site that was not present in circulating viruses. As a result, antibodies 

elicited by vaccines provided limited protection59. Similarly, in 2016-2017 circulating H3N2 3C.2a 

viruses had a new glycosylation site, egg-adapted vaccine strains did not. Antibodies against the 

egg-adapted strain were shown to poorly neutralize60. 

 

An imprint regulated effect of vaccine (I-REV) has recently been proposed due to observations in 

birth year cohort specific efficacy against contemporary H3N2 strains232,233. In 2018-2019, VE 

against the H3N2 component of the vaccine varied depending on age and by H3N2 clade. 

 
 
1.6.6 The impact of vaccine formulation on OAS 
 
One of the major outstanding questions regarding OAS is how the nature of first influenza 

exposure shape the formation of antigenic hierarchies. Recent work in mice has demonstrated that 

both infection and vaccination can induce OAS to varying degrees and the inclusion of adjuvants 

during either vaccination may be able to overcome OAS234,235. Similarly, vaccine formulations 

with a finite bolus of antigen may be more susceptible to OAS, in contrast platforms that replicate 

(LAIV) or that can evade pre-existing antibodies (mRNA) may more effectively overcomes 

OAS236.  

 
 
1.6.7 The role of immune history/ imprinting on development of next-generation vaccines 
 
In the context of seasonal vaccination, OAS can be detrimental when memory responses are 

focused on conserved, non-neutralizing epitopes at the expense of generating de novo responses 

against protective epitopes. In contrast, OAS may be beneficial if elicited against conserved 

protective epitopes such as the HA stalk domain. Therefore, while strategies to overcome HA 
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head-based OAS should be explored in the context of seasonal vaccines, imparting memory on 

cross-protective epitopes will be essential for next-generation vaccines. 

 
 
1.6.8 OAS and other antigenically plastic viruses 
 
OAS responses have also been observed for other pathogens that cause repeated infections. 

Classically, OAS has been negatively associated with worsened outcomes to secondary Dengue 

exposure. There are four serotypes of Dengue, primary exposure generally results in acute febrile 

illness and confers life-long protection214. Secondary infection with a heterologous serotype can 

elicit non-neutralizing antibodies. In contrast to influenza viruses, dengue can replicate in FcR 

bearing cells, resulting in antibody dependent enhancement of disease (ADE) and dengue 

hemorrhagic fever237. As previously discussed, there is epidemiological evidence of OAS 

increasing susceptibility to influenza virus infection. However, FcgR bearing cells demonstrate 

susceptibility and not permissibility to influenza infection. Additionally, passive transfer of non-

neutralizing monoclonal stalk antibodies does not result in enhancement of disease167. 

 

More recently, imprinting and OAS have also been demonstrated in SARS2 responses. SARS2 

infection was shown to increase antibodies against seasonal coronaviruses215. Reduced OAS 

antibodies were observed following vaccination. Regarding successive SARS2 vaccination, 

antibody titers against the original Wuhan-1 strain have been observed to be higher following 

vaccination with a Bivalent booster against BA.4/BA.5238. Although, early studies examining 

primary vaccination regimens demonstrated that two-doses were required to generate sufficient 

neutralization titers239,240. This suggests that additional Omicron boosters may be sufficient to 

overcome this response. Early studies postulated that ADE may be contributing to the severity of 
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SARS2 infections however, no experimental evidence has supported this hypothesis241. 

Furthermore, while FcgR mediated uptake of SARS2 by monocytes has been shown, no active 

viral replication was observed242. 

 
 
1.7 Influenza infection in highly-susceptible populations 
 
1.7.1 Cardiovascular disease (CVD) 
 
Cardiovascular disease (CVD), including ischemic heart disease and stroke, was the leading cause 

of death globally in 2019, resulting in approximately 17.9 million deaths or 32% of all deaths 

worldwide243. CVD encompasses a variety of conditions including, heart attack, stroke, heart 

failure (HF), arrythmias, and heart valve failures. However, 85% of CVD related deaths result 

from heart attack or stroke244. Both conditions are related to atherosclerosis which is caused by 

plaque build-up in the arteries, leading to narrowing of blood vessels and reduced blood flow to 

the heart and other organs. If plaques become dislodged, blood flow to the heart and regions of the 

brain can become entirely restricted culminating in heart attack and stroke, respectively245.  

 
 
1.7.1.1 Heart failure 
 
Heart failure refers to reduced efficiency in the ability to pump blood throughout the body. 

Commonly, heart failure is associated with other cardiovascular conditions (ex. hypertension) and 

patients often present with symptoms of dyspnea (shortness of breath), fatigue and peripheral 

edema (swelling in the legs)246. These symptoms are non-specific to HF and can be observed with 

other cardiac conditions making diagnosis challenging. HF generally impacts individuals over the 

age of 65, with higher prevalence in men than women247. The number of HF cases globally has 

been increasing, rising from 33.5 million in 1990 to 64.3 million in 2017247. In addition to heath 
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impact, HF causes substantial economic burden. In 2012 it was estimated that approximately $108 

billion USD were spent on direct and indirect HF costs248. 

 
 
1.7.1.2 Myocardial infarction 
 
Acute myocardial infarction (MI) or heart attack is caused by reduction in blood flow to the 

muscles of the heart resulting in irreversible muscle damage. The causes of MI are multifaceted, 

however commonly plaques occlude coronary blood flow resulting in thrombosis. High cholesterol 

and hypertension have also been associated with elevated risk of MI.  

 
 
1.7.1.3 Ischemic stroke 
 
Similarly, occluded blood vessels can result in reduced blood flow to cerebral tissues. 

Thromboembolisms are one of the many causes of reduced cerebellar blood flow. In 2020, the 

American Heart Association estimated that stroke was responsible for approximately 150,000 

deaths in the United States249. 

 
 
1.7.2 Influenza and cardiovascular events 
 
Influenza has been demonstrated to increase the risk of cardiovascular events and deaths. 

Epidemiological data has demonstrated that excess mortality from cardiac related illnesses 

increases following periods of influenza circulation250,251. Additionally, a 2016 time-course 

analysis examined CVD mortality in relation to emergency room visits for influenza-like illness. 

This study found strong associations with mortality from MI and influenza infection in the 14-days 

prior252. Using within person comparisons, Smeeth et al. examined individuals with first MI (n= 

n=20,486) and with stroke (n=19,063) who had recently received a common vaccination (ex. 
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influenza, pneumococcal, tetanus). They found no increased risk for cardiovascular event after 

vaccination however, risk was elevated for MI and stroke in the days following diagnosis with a 

respiratory virus253.  

 

A systematic review specifically examining the impact of acute influenza infection on MI 

compared findings across 39 studies254. Several studies found correlation between rates of 

influenza circulation and rates of CVD mortality on a population level. Observational studies 

looked at by the authors also found association between influenza infection and MI254. However, 

acute infection with a variety of bacterial and viral pathogens has been associated with increased 

cardiac events255.  This suggests that this is not an influenza specific phenomenon, and that the 

systemic inflammation and/or dysregulated immune responses resulting from any infection may 

be able to trigger thrombotic events.  

 
 
1.7.3 Pathophysiology of influenza and cardiac events 
 
Epidemiological data supports a correlative link between influenza infection and cardiac events 

however  the underlying mechanism remains to be determined. Two ideologies may explain 

cardiac dysfunction observed following influenza virus infection. The first posits that cardiac 

tissues may be directly infected, while other studies support that systemic lung inflammation may 

indirectly impact cardiac health.  The relationship between influenza and cardiac disease is likely 

multifaceted as patients with worsened outcomes to infection often have multiple co-morbidities 

(ex. diabetes, high BMI, cholesterol, etc.).  
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A recent study in mice using a genetically modified influenza virus that was precluded from 

infecting cardiomyocytes, demonstrated that severe lung inflammation alone was not sufficient to 

cause cardiac pathology256. This suggests that direct effects are required however, these mice were 

not genetically predisposed to CVD, so the distal effects of acute inflammation may not be 

encompassed. Influenza has been demonstrated to cause direct cardiac abnormality. Influenza 

virus has been detected in post-mortem cardiac tissues of humans and non-human primates. Virus 

has also been found in the heart tissue of infected mice257.  

 

Other features of influenza infection may also exacerbate the pre-existing inflammatory 

environment of atherosclerosis. Atherosclerotic plaques are composed of a lipid core, 

inflammatory cells (macrophages, T cells, mast cells) necrotic tissue, cholesterol, cytokines, and a 

fibrous cap formed of collagen258.  Endothelial permeability is altered during atherosclerosis such 

that there is increased infiltration of monocytes and lymphocytes. Low density lipoprotein is 

oxidized (oxLDL) and phagocytosed by macrophages which results in a foamy cell phenotype. As 

the disease progresses, and plaque size increases, atrial stenosis can occur, leading to reduced 

blood flow to surrounding tissues. Thrombotic events result when the plaque ruptures stimulating 

further inflammation,  platelet activation, and the coagulation cascade. The resulting occlusion can 

block the vessel at the site of the plaque or at distal sites leading to MI or ischemic stroke258. 

 

Atherosclerosis is now recognized to be a chronic inflammatory condition. Cells within the plaque 

release a variety of cytokines and proinflammatory mediators and acute infection further 

contributes to systemic inflammation258. Additionally, influenza infection can result in thrombus 

formation and platelet activation. Physical vasculature changes because of infection (ex. blood 
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volume, blood pressure, vasodilation, etc.) and can put stress on the plaque resulting in rupture. 

Both direct and indirect effects of influenza infection as it relates to cardiac dysfunction are 

plausible.  

 
 
1.7.4 Prevention of complications from influenza infections 
 
Given the high rates of CVD and influenza like illness, prophylactic vaccination represents a 

means to prevent both infection and resulting cardiovascular dysregulation. Numerous clinical 

trials have aimed to assess the protective effects of seasonal vaccination on CVD with varying 

results. A recent systematic analysis of 6 RCTs, examining ~9000 patients, found that vaccination 

resulted in a 34% reduced risk of cardiovascular events259. Similarly, a Cochrane review compiling 

multiple RCTs where participants were divided into a vaccination and placebo group found that 

cardiovascular mortality was reduced in vaccine recipients260. Additionally, numerous  

observational studies have demonstrated that vaccination was effective in reducing MI261,262. 

Pooling data from both RCTs and observational studies, a 2021 systematic review found that 

vaccination reduced all-cause mortality, cardiovascular mortality, and adverse cardiac events. 

Although, they did not observe a significant effect on MI263. 

 

The recently completed Influenza Vaccine to reduce adverse Vascular Events (IVVE) RCT 

demonstrated that seasonal influenza vaccination reduced cardiac outcomes in a heart failure 

cohort264. Prior to the completion of this trial, no placebo-controlled trials had been performed in 

heart failure patients. In summary, these findings support that influenza vaccination should 

continue to be recommended for individuals with underlying cardiac conditions. 
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2.0- Chapter 2: Rationale, Objectives and Overarching Hypothesis 
 
2.1 Rationale  
 
Despite the current global focus on managing SARS-CoV-2, influenza viruses remain a major 

threat to global public health. Influenza viruses have caused a pandemic approximately every 30 

years for the last century and changing global patterns in climate and ecology increase the 

likelihood of future zoonotic spillover events6,44. Furthermore, the aging population has resulted 

in waning population-level immunity against prior pandemic subtypes (i.e. H2N2) that may 

represent a risk for re-emergence, per the “virus recycling” hypothesis265. Prevention of another 

global health crisis caused by a respiratory virus will only be prevented by improving vaccine 

breadth and durability, while investing in next-generation strategies that can be produced quickly 

and at scale.  

 

Despite a mature understanding of mechanisms that drive broadly-neutralizing antibody 

production, and the pre-clinical and early clinical development of many universal influenza virus 

vaccine candidates, no universal influenza vaccines have been approved for use in humans. 

Systematic comparisons of vaccine platforms and delivery which elicit bnAbs have not yet been 

performed in sufficient depth. Seasonal vaccine data supports differences in the immune responses 

elicited by distinct routes-of -administration. Furthermore, recent phase I human clinical trial data 

assessing a chimeric HA strategy demonstrated formulation-specific differences in both breadth 

of immunity and magnitude of responses146. These results underscore that vaccine platform can 

drastically influence the  quality of vaccine-elicited immunity. 
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Historically, most studies focused on broadly neutralizing antibody responses have limited their 

analyses to systemic IgG responses165,167. While Fc-FcgR interactions are required for protection 

mediated by IgG broadly-neutralizing antibodies in vivo, responses to vaccination are polyclonal 

and protection mediated by other antibody isotypes, namely IgA, also contribute to protection from 

influenza virus. Better understanding the non-neutralizing functions of IgA antibodies may 

therefore inform the design of more effective vaccines and monoclonal antibody-based 

therapeutics. 

 

Numerous vaccine strategies have demonstrated potent immunogenicity and broad protection in 

preclinical animal models. However, this success has not yet been mirrored in human clinical trials. 

This disconnect may, in part, be driven by the complex immune histories to influenza virus that 

exist within the human population resulting from continuous exposure in influenza infections and 

vaccinations over the course of a lifetime111. Understanding how previous exposure influences 

vaccination responses is an essential consideration in the development of more effective vaccines. 

 

In children, limited exposure history to influenza virus contributes to increased mortality and 

severe complications from infection. Childhood exposure to influenza virus is also 

disproportionately impactful due to the effects of “immune imprinting” – which shapes all 

subsequent immune responses to influenza virus later in life . Most studies of immune imprinting 

have been conducted in the context of infection. However, many children now first encounter 

influenza virus via childhood vaccination. Identifying seasonal and universal vaccine formulations 

that are best for use in children will greatly reduce the overall burden of influenza.  
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Individuals with underlying cardiovascular conditions represent an additional high-risk group for 

severe outcomes following influenza infection. The recent influenza vaccine in patients with heart 

failure to reduce adverse vascular events (IVVE) randomized control trial demonstrated that during 

peak influenza circulation, the influenza vaccine reduced all cause death, cardiovascular death, 

hospitalizations, and pneumonia264. While developing broadly neutralizing vaccines represents the 

future direction of influenza research, these strategies are still likely years from being realized. 

Better understanding how seasonal vaccines provide direct and in-direct protection in at-risk 

populations can further reduce the burden influenza viruses place on the healthcare system at 

present. 

 

In summary, there remains clear gaps in our framework for understanding the ways in which 

vaccines optimally protect against influenza. An enhanced framework for understanding the 

impacts of vaccine route, formulation, and immune responses in the highest risk groups for severe 

disease are needed to reduce the burden of seasonal influenza, and better protect against future 

pandemics. 

 
 
2.2 Objectives 
 

1) Determine whether IgA antibodies induce FcaR specific effector functions (Chapter 3)  

2) Define how first exposure to various seasonal influenza vaccine platforms impacts 

functional HA head domain and HA stalk domain-focused responses following 

subsequent exposures (Chapter 4) 



Ph.D. Thesis- H. Stacey- McMaster University- Biochemistry and Biomedical Sciences 
 

 48 

3) Assess the immunogenicity of a seasonal influenza vaccine across multiple countries to 

measure immunogenicity and estimate vaccine effectiveness in patients who had a 

cardiovascular event within the study period (Chapter 5) 

 
 
2.3  Overarching Hypothesis 
 
We hypothesize that improvement of seasonal and next generation influenza virus vaccination 

strategies can be facilitated by considering the immunological repercussions of vaccination 

platforms/ routes of administration and understanding differences imparted on immunogenicity 

by immune history and in special populations such as the immunologically naïve and those with 

underlying cardiovascular health conditions. 
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3.0- Chapter 3: Investigating unique IgA Fc-effector functions in 
response to viral infections 
 
 
Manuscript title: IgA potentiates NETosis in response to viral infection 
 
Author list: Hannah D Stacey, Diana Golubeva, Alyssa Posca, Jann C Ang, Kyle E. 
Novakowski, Muhammad Atif Zahoor, Charu Kaushic, Ewa Cairns, Dawn ME Bowdish, Caitlin 
E Mullarkey Matthew S Miller 
 
Journal: Proceedings for the National Academy of Sciences (PNAS). 2021; 118 (27): 
e2101497118. 
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INTRODUCTION  

Children represent a high-risk population for hospitalization and severe outcomes following 

influenza virus infection. Globally, ~ 90 million cases of influenza occur annually in children under 

the age of 51. Early childhood exposure to influenza virus has been demonstrated to indelibly 

influence subsequent responses, with antibody titers remaining highest against virus strains 

children are infected with earliest in life2–7 Originally termed, ‘Original Antigenic Sin’ (OAS), this 

hierarchy is maintained following repeated exposure to antigenically related strains2. OAS-like 

responses can be deleterious when antibodies against conserved non-neutralizing epitopes are 

boosted in favor of de novo antibodies against novel immunizing/circulating strains. However, 

back-boosting of antibodies against conserved epitopes is a natural feature of immune memory 

and has been demonstrated to be a key component of secondary immune responses to influenza 

virus8. The immunological ‘imprint’ left by early-life exposure has since been demonstrated to 

provide homo- and hetero-subtypic protection against later life infections9. 

 

Vaccination currently represents the most effective means of providing protection against 

influenza virus. With widespread rollout of influenza vaccination campaigns, many children now 

experience their first exposure to influenza in the context of vaccination. The impacts of 

vaccination versus infection on immunological priming/imprinting are not well understood. 

Further, multiple seasonal vaccine formulations are approved for use in almost all populations. 

While imperfect, evidence from murine models suggests that priming in the context of vaccination 

results in imprinting, albeit to a lesser degree than infection10,11. The specific vaccine formulation 

administered as the priming exposure also had significant impact on the degree of imprinting that 

was imparted.  
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In Canada and the US, all children >6 months of age are recommended to receive seasonal 

influenza vaccination. Children >6 months are eligible to receive trivalent inactivated vaccines 

(TIV) and quadrivalent inactivated vaccines (QIV), which are delivered intramuscularly. 

Intranasally delivered live-attenuated influenza vaccines (LAIV) are also approved for use in 

individuals between the ages of 2-49, although these tend to be used most frequently in children, 

since effectiveness declines with age and increased exposure to influenza virus12–14.  LAIV is 

composed of a cold-adapted virus capable of replicating in the upper respiratory tract to more 

closely mimic natural infection12 Special formulations, such as those containing adjuvants (ex. 

MF59 or AS03) are commonly used for at risk populations such as the elderly to promote dose 

sparing and overcome immunosenescence15. An adjuvanted trivalent influenza vaccines (A-TIV) 

which include MF59 (Fluad Pediatric) has also been approved for use in children16.While many 

vaccine formulations have demonstrated efficacy in children, they vary in the specific qualities of 

the immune responses that they elicit. Furthermore, little is known about how vaccine formulation 

influences immunes responses following repeated vaccination. 

 

Current seasonal influenza vaccines do not provide protection from  pandemic strains of influenza 

virus and require annual reformulation to remain effective against seasonal strains. These 

limitations of seasonal vaccines have catalyzed major global efforts to develop ‘universal’ 

influenza vaccine (UIV) strategies, several of which aim to elicit antibodies against the conserved 

HA stalk domain17. Many immunogens capable of inducing broad protection have been 

investigated. However, almost all studies of broadly-neutralizing antibodies (bnAbs) in humans 

have been conducted in adult cohorts. There is very limited data concerning the induction of bnAbs 
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in young children, and whether vaccine platforms differentially impact the elicitation of these 

antibodies18.   

 

Understanding how early-life imprinting shapes immune histories to influenza viruses is 

imperative to both designing effective ‘universal’ influenza vaccines and improving seasonal 

vaccines for high-risk populations. Therefore, we examined how early life exposure to various 

seasonal influenza vaccine formulations shaped subsequent responses using a subset of samples 

from two randomized controlled trials (RCTs) to assess relative efficacy of TIV versus LAIV and 

ATIV versus QIV19,20. We demonstrated that TIV induced stronger anamnestic/recall antibody 

responses in children than LAIV. In addition, we showed that priming with ATIV avoided 

preferential responses against the HA head domain of previously-encountered strains and elicited 

strong and durable HA stalk-binding antibody responses. These data shed important new light on 

the impact of vaccine formulation in imprinting of children, and the differential ability of these 

vaccines to generate antibodies to the variable head domain or highly-conserved stalk domain of 

HA. 

 

RESULTS 

Study Participants 

Serum samples were analyzed from two previously-described cRCT cohorts19,20. The first cohort 

consisted of matched pre and post vaccination serum from 74 cRCT participants (median age 4.0, 

Table 1), who had received either a trivalent inactivated influenza vaccine (TIV, n=35) or a live-

attenuated influenza vaccine (LAIV, n=39) in each of the three consecutive study years19.The 

second cohort consisted of matched pre- and post-vaccination serum from 45 participants (median 
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age 3.0, Table 1), who received either an adjuvanted trivalent inactivated vaccine (ATIV, n=18) 

or a quadrivalent inactivated vaccine (QIV, n=27). For both trials, participants received the same 

vaccine formulation across all three years of the study.  

 

Effects of TIV or LAIV on HAI recall responses 

To determine the impact of vaccine formulation on establishment of antibody hierarchies, HAIs 

were performed against the H1 and H3 vaccine antigens (Table 2) using the pre- and post- 

vaccination serum from children sequentially vaccinated from 2012-2014. Across the three 

seasons of the first cRCT, the WHO H1N1 vaccine strain, A/California/07/2009(H1N1)-like virus 

(Cal/09), remained consistent (Figure 2A). Conventionally, an HAI titer of 1:40, or a four-fold 

increase from baseline, has been used to determine seroconversion, though, significantly higher 

titers are likely required for protection in children21. Both TIV and LAIV induced low absolute 

Cal/09 HAI titers in children (Figure 2B). No significant increases in post vaccination HAI titers 

were observed and few participants met the criteria for seroconversion (4-fold increase from 

baseline, HAI >40); TIV Y1: (6/35, 2/35), Y2: (3/35, 6/35), Y3: (0/35, 1/35), LAIV Y1: (1/39, 

1/39), Y2 (1/39, 2/39), Y3 (3/39, 5/39). The lack of seroconversion suggests poor Cal/09 

immunogenicity in this largely naïve cohort (only 1/35 TIV participants had detectable Cal/09 HAI 

titers at baseline and 0/39 in the LAIV group). There were no significant differences in vaccine 

responses to the Cal/09 H1N1 component of the vaccine following successive vaccination as 

measured by HAI (Figure 2C). 

 

HAIs were also performed against the recommended H3N2 vaccine strains, which changed in the 

final year of the trial. In contrast to H1 responses, TIV induced significant increases in Vic/11 HAI 
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titers post vaccination in all three years of the trial (Figure 2D). While significant post-vaccination 

increases in absolute Vic/11 HAI titer were not observed for LAIV recipients, 87.17% (34/39) of 

participants had HAI >40 in year 1 of the study. Similarly, in year 2, 82% (32/39) participants 

were observed to have post vaccination Vic/11 HAI titers >40. The strongest Vic/11 HAI responses 

were observed in the first year of the study (Figure 2E).  

 

In the 2014-2015 season (trial year 3), the H3 strain was changed to A/Texas/50/2012(H3N2) 

(Tx/12). To compare the magnitude of the antibody response to the previous H3N2 vaccine 

component (Vic/11) to the new TX/12 strain , HAIs were performed against both viruses using 

serum collected in year 3 (Figure 2F). When absolute HAI titers against Tx/12 were assessed, a 

significant increase was observed following LAIV vaccination (GMT, 7.20 vs 8.03, p=0.0484), 

but not after TIV (GMT, 8.53 vs. 8.20). Interestingly, despite the vaccine no longer containing 

Vic/11 in year 3, a significant increase in absolute Vic/11 HAI antibodies was observed following 

vaccination with TIV containing Tx/12 as the H3 antigen (GMT, 224 vs 374, p=0.001), but not 

after LAIV vaccination. When comparing the magnitude of Vic/11 and Tx/12 HAI antibody 

induction, there was a significant elevation in the Log2 fold change of Vic/11 responses in TIV 

vaccinees compared to Tx/12 (0.742 versus -0.057, p=0.0009). The magnitude of the response 

against the antecedent H3, Vic/11, was also greater in TIV participants compared to LAIV (0.742 

versus 0.184, p=0.032) (Figure 2G). Thus, TIV promoted back-boosting of antibodies to shared 

epitopes between the related HA proteins to a greater extent than LAIV. 

 

To quantify whether generation of de novo antibody production to more recent strains was 

impaired, we generated an ‘OAS’ index which compares the fold change in titer against the 
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previous and the current vaccine strain. If the fold-change was observed to be greater against the 

previous strain (OAS ratio >1), responses were largely anamnestic. If the ratio was =1, the response 

was balanced, and if the ratio was <1 (the magnitude of increase was greater against more 

contemporary strains) a de novo response was favored. Following the H3 antigen change, more 

TIV recipients were observed to have anamnestic responses, 21/35 (60.0%), than their LAIV 

counterparts 10/38 (26.32%) (Figure 2H). Conversely, a greater proportion of LAIV vaccinees 

generated de novo responses relative to TIV ((12/38 (31.58%) vs 4/35 (11.43%)) (Figure 2H) . 

Despite maintaining a high degree of sequence similarity, three mutations in key antigenic sites 

exist between Vic/11 and Tx/12 (Figure 2I). These results suggest that LAIV is better able to 

stimulate de novo responses to novel antigenic epitopes in young children.  

 

Effects of TIV or LAIV on HA stalk antibody ADCC responses 

To assess the effect of TIV and LAIV on induction of functional bnAb that bind to the HA stalk 

domain, antibody-dependent cellular cytotoxicity (ADCC) assays were performed on cells 

infected with either a cH5/1 (Group 1 HA stalk) or cH4/3 (Group 2 HA stalk) virus (Figure 3A). 

These viruses express chimeric HA molecules with head domains against which children are naïve, 

but with H1 or H3-dervied stalk domains.  The magnitude of the ADCC response against the group 

1 HA stalk domain (cH5/1)  was greatest for both vaccines in year 1 of the trial (Figure 3B). For 

LAIV recipients the fold change in group 1 ADCC inducing antibodies was significantly greater 

in the first year of the trial relative to the third (Log2 Ratio 0.77 versus -0.28, p <0.0001) (Figure 

3B). No significant differences were observed between TIV and LAIV in year 1 for group 1 or 

group 2 antibodies. 
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Our group has previously shown that Group 1 HA stalk antibodies increase in response to 

sequential seasonal vaccination18. Consistent with these findings, mean pre-vaccination ADCC 

antibody titers increased with time for both vaccine groups. However, the magnitude of induction 

decreased with each successive vaccination. Significant post-vaccination increases in ADCC-

inducing antibodies were observed following vaccination with TIV or LAIV in year 1 (GMT, 

TIV;2.80 versus 4.31, p=0.001 and LAIV;1.44 versus 2.46, p=0.001) and year 2 of the study 

(GMT, TIV 3.24 versus 4.07, p=0.022 and LAIV 1.67 versus 2.08, p=0.0147) (Figure 3C, 3D). 

Neither formulation induced significant group 1 ADCC responses in the third year of study (Figure 

3E). These results suggest that in the context of vaccination, early exposures result in the largest 

induction of group 1 stalk antibodies. In the cRCT from which these samples were acquirecd, the 

group 1 vaccine antigen (Cal/09) remained the same across study seasons. Thus, this finding is 

consistent with previous literature demonstrating that repeated exposure to the same antigen 

focuses antibody responses on HA head epitopes22–24. 

 

We also evaluated group 2 stalk responses following administration of LAIV and TIV. As for 

group 1 HA stalk antibody responses, LAIV and TIV recipients generated the strongest ADCC 

antibody responses following the first year of vaccination (Figure 3F). These findings suggest that 

despite the immunodominance of the HA head domain, children with relatively naïve immune 

histories can generate relatively strong bnAb responses following seasonal vaccination. This 

induction is then dampened following repeated vaccination to antigenically similar strains as 

immune responses are redirected against the HA head. Notably, when comparing induction of 

ADCC mediated by group 2 stalk antibodies, a significant increase in GMT post vaccination was 

only observed following LAIV in the first year of the study (GMT 3.17 versus 7.40, P<0.0001) 
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(Figure 3G). In contrast, in all three years of the study vaccination with TIV induced significant 

elevation in GMTs of group 2 ADCC antibodies (Figure 3G, 3H, 3I). This suggests that in addition 

to strong HA head-based imprinting, TIV can also induced strong anamnestic responses against 

conserved epitopes in the HA stalk. 

 

Effects of ATIV or QIV on HAI responses 

We next used pre- and post-vaccination serum collected from sequentially vaccinated children in 

the 2016-2019 influenza seasons with either QIV or ATIV. During this trial the H1 vaccine antigen 

changed from Cal/09 to Mich/15 in the 2017-2018 season and the H3 strain change from HK/14 

to Sing/16 in 2018/2019 (Figure 4A). No striking differences in GMT HAI titers against Cal/09 

were observed when comparing QIV and ATIV and overall responses were modest (Figure 4B, C. 

Both formulations significantly boosted HAI antibodies directed against Mich/15 when that strain 

was introduced in year 2 (2017-2018) (Figure 4D-F).  

 

HK/14 was also weakly immunogenic in this population, with no significant increases in HK/14 

HAI GMTs observed over successive years (Figure 4G, H). However, significant boosting of HAI 

titers for the year 3 antigen, Sing/16, were  elevated in both QIV and ATIV  (QIV; 53.63 to 132.76, 

p=0.0001, ATIV; 72.93 to 291.75, p=0.0107) (Figure 4I, 4J). When expressed as an OAS ratio, 

QIV recipients were observed to have a more anamnestic response (4/26, 15.3%) (Figure 4K). The 

lack of significant back boosting in ATIV recipients suggests that seasonal vaccine formulations 

with increased antigen availability may be less susceptible to focusing of HA head-based 

responses. 
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Effects of ATIV or QIV on HA stalk-antibody ADCC responses 

We then went on to investigate the impact of ATIV or QIV on functional bnAb responses using 

ADCC assays. Both vaccines induced significant responses to the group 1 HA stalk (CH5/1) in all 

years of the trial (Figure 5A, C, D). In year 1, the magnitude of induction of ADCC-inducing stalk-

antibodies was higher in the ATIV group than the QIV group (Figure 5A).However, there were no 

differences in group 1 ADCC inducing antibodies when comparing ATIV and QIV in subsequent 

trial years, suggesting that first exposure to adjuvanted vaccine significantly enhances bnAb 

production.  

 

In the context of group 2 HA ADCC responses (as measured by cH4/3), both QIV and ATIV 

stimulated significant responses in each year of the study, and no differences in magnitude of 

response was observed when comparing the two vaccine platforms (Figure 5E-H). These results 

suggest both vaccine platforms efficiently induce group 2 ADCC stimulating HA stalk antibodies. 

The GMT post-vaccination titer of group 2 ADCC antibodies increased over time for both cohorts 

(Figure 5F-H). Taken together, these results show that repeated vaccination with both seasonal 

vaccine platforms were able to boost bnAb responses despite no major antigenic shifts in vaccine 

components.  

 

Impact of pre-existing immunity on subsequent HA head and stalk responses 

Although the cohort selected for our analyses were study naïve and unlikely to have been 

previously-vaccinated, several participants had HAI titers >40 in the first year, suggesting that they 

had experienced an infection as their priming event. In trial year 1, titers of >40 were observed 

against Vic/11 in 29/35 (82.85%) TIV and 13/39 (33.33%) of LAIV recipients. It has been 
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previously established that high titers of circulating antibodies at the time of vaccination are 

associated with reduced vaccine responses25,26. Additionally, these pre-existing antibodies can 

mask epitopes on the boosting immunogen and are thought to be a driving mechanism of OAS. In 

line with these findings, we observed that TIV recipients who had <40 HAI titer against Vic/11 

prior to vaccination in the first year of the trial trended towards having stronger HAI antibody 

responses post-vaccination relative to participants with previous exposure at the start of the study.  

Similarly, children in the LAIV cohort who had HAI titer <40 in year 1 exhibited a greater increase 

in HAI antibody induction post vaccination (Log2 Ratio of 3.32 vs. 0.23, p<0.0001) (Figure 6A). 

This effect was lost following successive vaccination (Figure 6B, 6C) and pre-exposure status did 

not have any effect on the magnitude of the vaccine-induced HAI response against Tx/12 in either 

vaccine recipient group (Figure 6D). Thus, higher pre-existing antibodies reduced the magnitude 

of the vaccine response independent of vaccine type. Low numbers of participants were observed 

to have pre-existing titers in year 1 pre-vaccination samples for the H1 or H3 strains during the 

second trial. Thus, we were unable to run a similar analysis comparing ATIV vs. QIV. 

 

Interestingly, for both TIV and LAIV, children who were imprinted by vaccination (no pre-existing 

antibody group) exhibited stronger anamnestic responses when ratios of HAI titers against Vic/11 

and Tx/12 were compared (Figure 6E). Vaccine formulation did seem to impact the ability of 

children to generate ADCC-inducing HA stalk antibodies. In naïve children, LAIV was able to 

induce strong induction of group 2 HA stalk antibodies following administration of one seasonal 

vaccine dose (Figure 6G). However, in children who were seropositive for H3 virus, no increase 

in stalk antibodies was observed (Figure 6F, 6G). In contrast, TIV was able to effectively induce 

HA stalk antibodies in previously infected individuals (Figure 6F, 6G). It is possible that strong 
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local immunity at the site of vaccination (respiratory tract) in these children limited vaccine 

replication, impairing the immune response.  

 

DISCUSSION  

While the impact of OAS on IAV immunity is context dependent, a large body of evidence from 

both experimental and clinical studies demonstrate that the first exposure to influenza 

(“imprinting”) profoundly influences subsequent immune responses4. Our understanding of 

germinal centre (GC) and B cell mechanisms has matured significantly since the concept of OAS 

was first described. While immunologically naïve children are at heightened risk for severe 

complications following IAV infection, there are now many approved seasonal vaccine 

formulations for this vulnerable group. Rational selection of the most appropriate vaccine type 

with which to “imprint” young children represents a unique opportunity to prime the immune 

system in a way that optimizes downstream immune responses against influenza virus, potentially 

for life.  

 

To-date, there has been a paucity of comparative studies examining the impact of priming vaccine 

platform on subsequent immune responses against influenza virus in children. Here, we performed 

two sub analyses on antibody responses against the HA head and stalk in a subset of children 

whose first receipt of influenza vaccination was in the context of two cluster randomized controlled 

trials. These original trials examined the relative efficacy of LAIV (FluMist) vs. TIV (Vaxigrip) 

across the 2012-2014 influenza seasons in Canada, and efficacy of ATIV (Fluad Pediatric) vs. QIV 

(Fluzone) across 2016-201819,20. These trials presented a unique opportunity to interrogate the 

impact of vaccine type on imprinting, antibody specificity, and establishment of antibody 
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hierarchies (or “OAS-like responses) against the HA head and stalk domains using a very well-

defined clinical cohort. The specific features of these cohorts that made them ideally suited to 

address these questions were 1) the fact that these pediatric populations were largely unvaccinated 

prior to initiation of these studies, and 2) the longitudinal nature of these studies spanned strain 

changes in the vaccines, which provided an opportunity to compare de novo vs. anamnestic 

responses. 

 

For the comparison of TIV and LAIV, the H1 antigen (Cal/09) remained constant throughout the 

trial and was observed to be weakly immunogenic irrespective of vaccine platform. In contrast, 

when looking at serological Vic/11 (H3) titers, TIV recipients exhibited a greater induction of HAI 

antibodies post-vaccination in trial years where Vic/11 was the administered vaccine strain. In 

2014, the H3 component of the vaccine was switched to TX/12, which contains 4 amino acid 

changes, 3 of which fall in key antigenic sites. Of particular interest is the antigenic change in 

immunodominant site B at S198P27. Changes in this region are often associated with significant 

alteration in immunogenicity. Notably, the 2014-2015 influenza season in Canada and the United 

States was characterized by exceedingly poor vaccine efficacy (VE) as a result of strain mismatch 

against circulating strains28–30. Interestingly, we found that antibodies against the historical Vic/11 

antigen were significantly boosted by vaccination with TX/12 , particularly in TIV recipients. 

 

Elegant work by Skowronski et al. found that repeat vaccination beginning in 2012-2013 leading 

up to the 2014-2015 season amplified the poor VE against H3N2 28. These findings clearly 

highlight the importance of understanding prior vaccination history on downstream infection 

outcomes. While our study was not sufficiently powered to assess the differential impacts of 
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priming with various vaccine formulations on vaccine effectiveness, we did observe greater 

anamnestic responses in sequentially vaccinated TIV recipients relative to LAIV recipients 

following antigenic substitution to TX/12 in the 2014-2015 season. In alignment with the antigenic 

distance hypothesis31 and the previously discussed observations by Skowronski et al., our results 

suggest that imprinting with TIV could have been particularly detrimental to vaccine effectiveness 

in that season. While children vaccinated with LAIV in the 2014-2015 season would still have 

been subjected to vaccine mismatch, negative interference from prior vaccines may have been 

minimized. 

 

Inclusion of adjuvants or increased antigen doses in seasonal vaccines have demonstrated 

enhanced immunogenicity in high-risk populations like the young and elderly15. However, whether 

these specialized vaccines differentially prime the immune response remains unknown. In our 

study we compared the effects of priming with Fluad Pediatric, a trivalent adjuvanted (MF59) 

vaccine, and Fluzone, a quadrivalent vaccine. The H1 vaccine strain was changed from Cal/09 to 

Mich/15 in the 2017-2018 season (study year 2). This change was motivated by an observation by 

the Hensley laboratory, that imprinted antibody responses against seasonal H1N1 virus in middle 

aged adults was resulting in diminished antibody responses against the Cal/09 HA32,33. Both ATIV 

and QIV induced significant increases in HAI titers against Mich/15 despite the H1 strain switch, 

no significant differences in the OAS indices between A-TIV and QIV were observed in years two 

or three (data not shown), presumably because this strain change did not have a major impact on 

antigenicity for children. However, anamnestic HAI responses were lower in children who 

received sequential A-TIV vaccinations, which is consistent with studies in murine models that 
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have shown that adjuvanted vaccine formulations can OAS responses focused on epitopes in the 

HA head domain10. 

 

Despite common misconceptions surrounding the negative impacts of OAS, strong 

epidemiological evidence suggests that the role of early life imprinting can provide protection from 

homo- and heterosubtypic infections9.  Most stalk bnAbs do not exhibit protection through 

conventional HAI or neutralization mechanisms. Instead, they act at primarily through interactions 

with FcR on immune cells 34–37. Thus, prior studies examining only HAI antibodies after sequential 

exposure ignore the contribution of cross-reactive HA stalk antibodies (which tend not have HAI 

activity). Therefore, we elected to perform ADCC assays to measure the induction of stalk 

antibodies in children following vaccination with various seasonal vaccine platforms. 

Interestingly, the magnitude of ADCC antibody induction varied by vaccine platform. This was 

particularly evident in the first trial, wherein children who were seronegative at the time of 

vaccination and received LAIV induced significant ADCC antibodies post-vaccination however, 

vaccination of children who had pre-existing antibodies did not mount significant ADCC 

responses to either group 1 or group 2 chimeric viruses in any year of the trial. In contrast, children 

with no prior immunity did not mount ADCC responses following TIV vaccination. However, in 

children who had >40 HAI titer in year 1 significant stalk antibodies were induced. This suggests 

that there may be platform and age specific differences that should be considered when developing 

a UIV. Perhaps UIV strategies for children will require priming with seasonal vaccines or a two-

dose regimen to induce strong stalk specific responses. Furthermore, in older children who are not 

immunologically naïve, a TIV formulation may be desired. 
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 High pre-existing antibodies have been negatively correlated with effective vaccine responses. In 

line with these findings, we demonstrate that children with no pre-existing antibodies against the 

relevant H3 strains at the outset of the TIV vs LAIV trial experienced a more profound boost in 

HAI titers following vaccination. This is in comparison to children who had titers >40 in year one. 

Surprisingly, the children who had no prior exposure to H3, irrespective of vaccine platform, 

displayed higher anamnestic responses. This result is in contrast with murine data suggesting that 

infection imparted stronger OAS-like responses11. Clearing of vaccine antigen by circulating 

antibody and memory cells are thought to create competition for T cell help, skewing the response 

towards historical antigen.  

 

These findings are likely to have implications for other antigenically diverse pathogens, such as 

SARS-CoV-2, for which there are multiple vaccine platforms, and a need to update vaccine 

antigens on a regular basis. The evolutionary pressure exerted on IAV and SARS-CoV-2 by 

widespread population level immunity will continue to drive selection of immune evasive 

strains/variants and re-infection in previously exposed individuals. In the context of SARS2, the 

impacts of priming with the various vaccine platforms (ex. mRNA, viral vectored vaccines, etc) 

or infection with variants on immunogenicity and induction of cross-reactive immunity are only 

beginning to be understood. Understanding how immune histories shape vaccine responses, will 

allow us to better design seasonal and broadly-protective vaccines. 

 

Taken together, these findings provide important new insight into the impact of vaccine platform 

on immunological imprinting. We show that while all vaccines tested in the original cRCTs 

demonstrated efficacy, they showed differential propensities to back-boost functional antibodies 
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against the variable HA head domain (as measured by HAI) and the HA stalk. TIV tended to induce 

more anamnestic responses, while LAIV and ATIV elicited stronger de novo responses against 

novel epitopes on vaccine-matched strains. Importantly, both TIV and ATIV boosted ADCC 

inducing antibodies that bound to the HA stalk following repeated vaccination, suggesting that 

these platforms may be better suited for immunogen delivery in the context of a universal influenza 

virus vaccine for children. The naivety of the childhood immune system represents a unique 

window to prime the immune response against influenza virus in order and optimize protection 

from both seasonal and possible future pandemic viruses.  

 

LIMITATIONS 

Much debate surrounds the ultimate impact of OAS-like responses on seasonal vaccine efficacy. 

Our study was not powered to assess the impact of original antigenic sin on vaccine mediated 

protection. Therefore, it remains possible that responses classified as ‘anamnestic’ by our OAS 

index do not reduce overall protection. Indeed, elegant work by Linderman and Hensley identified 

that OAS antibodies raised during secondary exposure are largely cross reactive8.  

 

Recent evidence from the Sant group has demonstrated the importance of the cellular immune 

compartment, namely pre-existing CD4+ T cells, in shaping immune responses to vaccination38. 

The lack of prior T cell immunity to influenza virus in children has been postulated explain, in 

part, severe outcomes in this age group following exposure. In our study, only serum was available 

for analysis. However, examining T cell responses following first exposure, be it vaccination or 

infection, in a similarly naïve cohort will be imperative in understanding how to optimally shape 

the immune response.  
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METHODS 

Study setting and participant recruitment. This study represents a sub analysis of participants 

who had participated in two randomized clinical trials (RCT) assessing that impact of seasonal 

influenza vaccine formulation on community-level protection in Hutterite colonies in Canada 

(ClinicalTrials.gov: NCT01653015 and ClinicalTrials.gov: NCT02871206)19,20. Samples were 

randomly selected from the youngest children in these cohorts (See Table S1) who had received a 

vaccination in each of the three years included in the study. Prior to these studies, vaccination of 

Hutterite children in these communities for seasonal influenza was extremely uncommon, and so 

these vaccines would have almost certainly represented the first exposure of these children to 

vaccination. For comparison of LAIV and TIV 74 pre- and post-vaccination samples were 

identified from matched participants in the 2012-13, 2013-14, and 2014-15 influenza seasons. 

LAIV vaccinees received 0.2 mL of LAIV (FluMist, MedImmune) intranasally, while children in 

the TIV received 0.5 mL intramuscularly (Vaxigrip, Sanofi Pasteur). Influenza A virus vaccine 

strains included in each season are shown in Table 2.  For comparison of ATIV and QIV, 45 pre- 

and post- vaccination sera were selected for matched participants in the 2016-17, 2017-18, and 

2018-19 influenza seasons. The ATIV and QIV vaccinees received either trivalent MF59 

adjuvanted vaccine (Fluad Pediatric, Seqirus) via 0.25 mL intramuscular dose or a 0.5 mL dose of 

the quadrivalent formulation (Fluzone, Sanofi Pasteur) intramuscularly. The following influenza 

strains were used in in the vaccines administered across the study A/California/7/2009(H1N1)- ,  

A/Michigan/45/2015(H1N1)-, A/Hong Kong/4801/2014 (H3N2)-, A/Singapore/INFIMH-16-

0019/2016 (H3N2)-, B/Brisbane/60/2008-like virus, B/Phuket/3073/2013 –, and 

B/Colorado/06/2017-like viruses (Table 2). For both trials samples were collected on day 0 pre 
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vaccination and day 28 post vaccination. No differences in demographic characteristics of the 

participants were observed between vaccine cohorts within each study. All study procedures were 

approved by the McMaster University Research Ethics Board 

 

Sample collection and processing. Participant blood was collected as previously described18. 

Briefly, participant blood (5mL) was collected into serum separator tubes (BD) by venipuncture 

at the trial site and centrifuged at 1300 x g for 15 minutes. All samples were store at -80°C prior 

to analysis. Serum was heat inactivated at 56°C for 30 minutes prior to ADCC assays. Serum 

inactivation was performed with a combination of 56°C heat and trypsin-heat-periodate treatment 

prior to HAI. 

 

Cells. Madin Darby Canine Kidney (MDCK) and A549 cells were grown in Dulbecco modified 

Eagle medium (DMEM) containing 10% fetal bovine serum (FBS) (Gibco), 2 mM L- glutamine 

and 100 U/mL penicillin-streptomycin (Thermo Fisher).  

 

Viruses. Confluent MDCK cells were infected for one hour with either A/California/04/2009 

H1N1 (kind gift of Dr. Peter Palese, Icahn School of Medicine at Mount Sinai, New York, NY), 

A/Hong Kong/4801/2014 (H3N2), or A/Texas/50/2012 (H3N2) in 1x minimum essential medium 

(MEM, Sigma Aldrich) supplemented with 2 mM L-glutamine, 0.24% sodium bicarbonate, 20 

mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), MEM amino acids solution 

(Sigma Aldrich), MEM vitamins solution (Sigma Aldrich), 100 U/mL penicillin-streptomycin 

(Thermo Fisher), and 0.42% bovine serum albumin (Sigma Aldrich). Cells were then washed with 
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PBS and media was replaced. Cells were left for 72 hours, or until 90% cytopathic effects were 

observed, at which point virus was collected from supernatant.  

 

Chimeric HA expressing viruses, cH5/1 N3 and cH4/3 N2 (kind gift of Dr. Peter Palese and Dr. 

Florian Krammer, Icahn School of Medicine at Mount Sinai, New York, NY) were propagated in 

11- day- old embryonated chicken eggs as per standard protocols39. The cH5/1N3 virus expresses 

cH5/1 HA, a fusion of the A/Vietnam/1203/04 H5 head domain with the A/Puerto Rico/8/34 H1 

stalk domain40. The cH4/3N2 virus expresses the H4 head of A/duck/Czech/1956(H4N6) and the 

H3 stalk of A/Perth/16/2009(H3N2), as well as the NA from A/Victoria/2011(H3N2)41. The 

seasonal vaccine strains, A/Singapore/INFIMH-16-0019/2016 (H3N2), A/Michigan/45/2015 

(H1N1), and A/Victoria/361/2011 (H3N2) were also propagated using the embryonated egg 

method.  

 

Hemagglutination inhibition (HAI) assay. HAI assay was performed according to standard as 

described previously39,42. Briefly, serum was inactivated using trypsin-heat-periodate treatment 

prior to HAI assay. From 20µl serum starting amount, samples were treated with 0.5 times starting 

volume of 8mg/ml TPCK-trypsin (Sigma-Aldrich) and incubated at 56°C for 30 minutes. Samples 

were cooled to RT and 3 volumes of 11mM potassium periodate solution (Sigma-Aldrich) was 

added. After 15 minutes of incubation at RT, 3 volumes of 1% glycerol-PBS solution was added 

and incubated for another 15 minutes at RT. Lastly, 2.5 volumes of 0.85% PBS was added to the 

sample. Virus and serum were incubated for 30 minutes at RT. Chicken red blood cells were then 

added to the wells and plates were incubated at 4°C for 45 minutes prior to reading. HAI titers 

were defined as the highest serum dilution factor with HAI activity (where the button of 
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erythrocytes showed a ‘drip’); samples with no detectable HAI activity were assigned as half the 

limit of detection of the assay, “5”. 

 

Antibody dependent cellular cytotoxicity (ADCC) assay. A549 cells were plated in opaque    

white 96-well plates (Corning Costar) at 2.5x104 cells per well. The following day, cells were 

washed with RPMI, and infected for 18 hours with either a group one chimeric virus (cH5/1), MOI 

5, or group 2 chimeric virus (cH4/3), at MOI 3. Prior to performing the assay, all serum samples 

were heat inactivated at 56°C for 30 minutes. Serum samples were serially diluted in RPMI 

supplemented with 4% low-IgG FBS and incubated with the infected cell monolayer for 1 hour. 

Following incubation, engineered Jurkat effector cells expressing the human FcgRIIIa (CD16), 

and a luciferase reporter gene under the expression of a nuclear factor activated T cells (NFAT) 

element (Promega) were added at 7.5x104cells/well. After a 6-hour incubation at 37°C, 75µl/ well 

of Bio-Glo luciferase substrate (Promega) was added, and luminescence was read on the 

Spectramax I3 (Molecular Devices, San Jose, CA, USA). 

 

Generation of HA molecular model. The crystal structures of A/Calfornia/04/2009 (H1N1) 

(PDB 5GJS), A/Victoria/361/2011 (PDB 4O5N), A/Michigan/15/2014(H3N2) (PDB 6BKP) were 

downloaded from the Protein Data Bank and used as molecular models. No structures for A/Hong 

Kong/4801/2014 or A/Singapore/INFIMH-16-0019/2016 were deposited on PDB, a related H3N2 

clade 3c2.A strain, A/Michigan/15/2014(H3N2), was used instead. Key antigenic sites as defined 

by Caton et al., Brownlee and Fodor, and Jackson et al. and amino acid differences between strains 

were depicted using the open UCSF Chimera software43–47. 
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Statistical analysis  

All statistical analyses were performed in GraphPad Prism version 9.1.1 
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Figure Captions : 
 
Figure 1-Study flow charts. (A) Depiction of participants for trial comparing the LAIV and TIV 

across the  2012-2013 to 2014-2015 influenza seasons. (B) Depiction of participants for the trial 

comparing AV-IIV and IIV across the 2016-2017 to 2018-2019 influenza seasons. RCT: 

Randomized Control Trial; LAIV: live attenuated influenza vaccine; TIV: trivalent inactivated 

influenza vaccine; ATIV: adjuvanted trivalent inactivated influenza vaccine; QIV: quadrivalent 

inactivated influenza vaccine; bnAbs: broadly-neutralizing antibodies.  
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Figure 2- TIV skewed responses towards historical vaccine strains following a vaccine 

antigen change in 2014. (A) H1 and H3 vaccine antigens between years 1-3 of the RCT comparing 

LAIV and TIV. (B) Serum HAI activity against Cal/09 virus assessed pre and post vaccination in 

all three years of the trial. (C) represents log2 transformed ratios (Post Vaccination/ Pre 

Vaccination) of the HAI titers. (D) Serum HAI activity against Vic/11 assessed pre and post 

vaccination in all three years of the trial. (E) represents log2 transformed ratios (Post Vaccination/ 

Pre Vaccination) of the HAI titers (F)Serum HAI activity against Tx/12 assessed pre and post 

vaccination in the final year of the trial and (G) represents the corresponding year 3 log2 

transformed ratios (Post Vaccination/ Pre Vaccination) of the HAI titers to Vic/11 and Tx/12  . (H) 

OAS indexes based on fold change of HAI antibodies against current and historical H3 vaccine 

antigens. (I) Map of antigenic site changes between Vic/11 and Tx/12 mapped onto the HA 

structure of Vic/11 (PDB 4O5N).B-D Dots and brackets represent the geometric mean titer and 

95% CIs, statistical significance of matched pre- and post- vaccination titers was assessed using a 

paired t-test. E-G Dots and brackets represent the mean and 95% CIs, differences between vaccine 

groups and years was assessed by ordinary one-way ANOVA with Tukey’s multiple comparisons. 
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Figure 3- Induction of ADCC inducing antibodies following seasonal LAIV or TIV 

vaccination. (A) A monolayer of A549s was infected with either cH5/1N3 (Group 1) or cH4/3N2 

(Group 2 ) chimeric virus for 18 hours. Serial dilutions of pre and post serum from each clinical 

trial year were incubated on the infected cells for 1 hours. Jurkat reporter cells were then added 

expressing a luciferase gene, were then added, and incubated for 6 hours prior to the addition of 

luciferase substrate. Images made with BioRender. (B) Log2 transformation of  post vaccination/ 

pre vaccination ratio  of induction of group 1 ADCC inducing antibodies at a 1:10 serum dilution. 

(C-E) Matched donor pre- and post- vaccination induction of group 1, ADCC inducing antibodies. 

Where fold induction is taken as a measure of signal over plate background. (F) Log2 

transformation of  post vaccination/ pre vaccination ratio  of induction of group 2 ADCC inducing 

antibodies at a 1:10 serum dilution. (G-I) Matched donor pre- and post- vaccination induction of 

group 2, ADCC inducing antibodies. 
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Figure 4- H1 and H3 vaccine strain HAI titers for Hutterite children followed throughout 

the ATIV vs. QIV trial. (A) H1 and H3 vaccine antigens between years 1-3 of the RCT comparing 

ATIV and QIV.(B) Serum HAI activity against Cal/09 virus assessed pre and post vaccination in 

all three years of the trial(C) Log2 transformed ratios (Post Vaccination/ Pre Vaccination) of Cal09 

HAI titers.(D) Serum HAI activity against Mich/15 assessed pre and post vaccination in years 2 

and 3. For figures B-D dots and brackets represent the mean and 95% CI, p –values. (E) Log2 

transformed ratios (Post Vaccination/ Pre Vaccination) Mich/15 HAI titers. (F) Map of antigenic 

site changes between Cal/09 and Mich/15 mapped onto the HA structure of Cal/09 (PDB 5GJS). 

G) Serum HAI titers against HK/14. (H) Log2 transformed ratios (Post Vaccination/ Pre 

Vaccination) HK/14 HAI titers.(I) Serum HAI titers against Sing/16. (J) Log2 transformed ratios 

(Post Vaccination/ Pre Vaccination) Sing/16 HAI titers. (K) OAS indexes based on fold change of 

HAI antibodies against current and historical H3 vaccine antigens. (L) Map of antigenic site 

changes between HK/14 and Sing/16 mapped onto the HA structure of A/Michigan/2015 (H3N2), 

a related A/H3N2 clade 3c2.A strain. 
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Figure 5- Induction of ADCC inducing antibodies following administration of seasonal ATIV 

or QIV. (A) Log2 transformation of  post vaccination/ pre vaccination ratio  of induction of group 

1 ADCC inducing antibodies at a 1:10 serum dilution. (C-E) Matched donor pre- and post- 

vaccination induction of group 1, ADCC inducing antibodies. Where fold induction is taken as a 

measure of signal over plate background. (E) Log2 transformation of  post vaccination/ pre 

vaccination ratio  of induction of group 2 ADCC inducing antibodies at a 1:10 serum dilution. (F-

H) Matched donor pre- and post- vaccination induction of group 2, ADCC inducing antibodies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Ph.D. Thesis- H. Stacey- McMaster University- Biochemistry and Biomedical Sciences 
 

 92 

Figure 6- Prior influenza infections impacts HA head and stalk responses following seasonal 

vaccination. For all analyses participants with an H3 HAI titer of >40 in the pre-vaccination 

sample of trial Year 1 were classified to the ‘pre-existing’ immunity group and presumed to be 

primed on infection. (A-C) represent log2 transformed ratios (Post Vaccination/ Pre Vaccination) 

of the HAI titers against Vic/11. (D) represent log2 transformed ratios (Post Vaccination/ Pre 

Vaccination) of the HAI titers against Tx/12. (E) OAS indexes based on fold change of HAI 

antibodies against current and historical H3 vaccine antigens, stratified by exposure history in trial 

year 1. (F) Group 1 ADCC responses broken down by priming on infection (pre-existing) or 

priming on vaccination (no pre-existing) (G) Group 2 ADCC responses broken down by priming 

on infection (pre-existing) or priming on vaccination (no pre-existing). (F+G) Bars are 

representative of mean, 95% CI. Significance was determined by paired T-test with Holm Sidak 

method. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Ph.D. Thesis- H. Stacey- McMaster University- Biochemistry and Biomedical Sciences 
 

 93 

 

 
 
 
Table 1- Demographic characteristics of participants in year 1 of enrollment for trial 1 
(LAIV vs. TIV) and trial 2 (ATIV and QIV). Data is n (n/N %) or n  [IQR]. IQR= Interquartile 
Range. Age and gender differences were assessed using the two-sided Mann- Whitney U and 
Fisher’s exact t-tests respectively. 
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Table 2- WHO recommended vaccine strains for seasonal influenza vaccines across study 
years. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Ph.D. Thesis- H. Stacey- McMaster University- Biochemistry and Biomedical Sciences 
 

 95 

 
 

 
 
Table 3- Dominant circulating influenza strains across study period, as reported by the 
Canadian FluWatch Surveillance program. 
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Figure 1 – Study flow charts
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Figure 2- TIV skewed responses towards historical vaccine strains following a vaccine 
antigen change in 2014 

 



Ph.D. Thesis- H. Stacey- McMaster University- Biochemistry and Biomedical Sciences 
 

 98 

 
 
 
Figure 3- Induction of ADCC inducing antibodies following seasonal LAIV or TIV  
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Figure 4- H1 and H3 vaccine strain HAI titers for Hutterite children followed throughout 
the ATIV vs QIV trial. 
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Figure 5- Induction of ADCC inducing antibodies following administration of seasonal 
ATIV or QIV  
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Figure 6- Prior influenza infection impacts HA head and stalk responses following seasonal 
vaccination.  
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ABSTRACT  

Influenza infection has been shown to increase the risk of cardiovascular complications and related 

death. The Influenza vaccine to reduce adverse vascular events in patients with heart failure 

(IVVE) trial demonstrated that seasonal influenza vaccination reduced cardiovascular events 

during periods of peak influenza circulation. However, the immunogenicity and efficacy of the 

inactivated influenza vaccine (IIV) in this high-risk cohort had not been evaluated. Here, we 

measured vaccine immunogenicity in a subset of IVVE participants. Samples for this analysis were 

collected at baseline (T1), ~4 weeks post-vaccination (T2), and ~6 months post-vaccination (T3) 

in the Philippines, Mozambique, Nigeria and Zambia during the 2017-2018, 2018-2019 and 2019-

2020 influenza seasons. The seasonal vaccine induced significantly higher HAI titers in the 

vaccinated cohort when compared to placebo. Vaccine efficacy was estimated by characterizing 

serological evidence of infection as a 4-fold or 2-fold increase in titers between T3/T2. Using a 4-

fold cut-off, VE against any influenza A subtype was estimated at 91.5% (50.3-98.6) in 2017, 

72.29% (30.0-89.24) in 2018, and 86.2% (63.2- 94.9) in 2019. Interestingly, vaccinees who had a 

cardiovascular event following vaccination exhibited blunted vaccine responses relative to 

vaccinees who did not have a cardiac event.  
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INTRODUCTION  

Influenza infections and cardiovascular disease are among the leading causes of morbidity and 

mortality globally1,2. Influenza virus infections are known to increase the risk of cardiovascular 

events and death3–6 while seasonal vaccination has been reported to reduce some cardiovascular 

outcomes7–10. As such, vaccination against influenza virus in high-risk patients living with, or at 

risk of developing, cardiovascular disease should be a public health priority. Further, improving 

our understanding of how these high-risk patient populations respond to current seasonal vaccines 

may help to prevent severe outcomes and deaths. 

 

The recently published Influenza vaccine to reduce adverse vascular events in patients with heart 

failure (IVVE) placebo-controlled trial10,11was a multinational, randomized, double-blind study to 

test whether seasonal influenza vaccination reduced cardiovascular events in a heart failure patient 

cohort. That study found that during peak influenza circulation there was a significant reduction 

in a composite outcome of cardiovascular death, non-fatal myocardial infarction, and non-fatal 

stroke. Secondary outcomes such as all-cause death, cardiovascular death, and pneumonia were 

also significantly reduced in the vaccinated cohort.  

 

We therefore set out to explore the immunological basis for this protection by measuring 

immunogenicity of the seasonal influenza vaccine in a subset of the study cohort, and by estimating 

vaccine efficacy using serological surrogates of infection. Our data show that the inactivated 

influenza vaccine was both immunogenic and efficacious against influenza A virus subtypes. 

These findings suggest that in the IVVE trial, vaccine-mediated protection against cardiovascular 

outcomes was directly associated with protective vaccine responses that prevented influenza virus 
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infection. Interestingly, vaccinated participants who had a cardiac event appeared to have blunted 

vaccine responses, particularly against the H1N1 component, relative to participants who did not 

experience cardiovascular events. Taken together, these data reinforce the benefits of vaccinating 

individuals with underlying cardiovascular conditions to protect against subsequent influenza-

associated cardiovascular complications.  

 

RESULTS  

Study participants  

 Immunogenicity of the inactivated seasonal influenza vaccine (IIV) was investigated using a 

subset of 673 participants from across all study sites (Figure 1, Table 1), 345 of whom received 

IIV and 328 in the placebo group. The demographic characteristics of participants in the vaccinated 

and placebo groups were similar (Table 1). Females were over-represented in the study cohort, 

making up 71.6% of the vaccine group and 71.0% of the placebo group.  

 

In the 2017-2018 influenza season, serological data was only obtained from the Philippines (PH) 

(n=149 total, n=80 IIV and n=69 placebo). For the 2018-2019 season, samples from PH (n= 133),  

Mozambique (MZ) (n=150), and Nigeria (NG) (n=40) were used. For the 2019-2020 season 

samples from all four study sites, including Zambia (ZA) were available (Supplemental Table 1). 

 

Serum H1N1 HAI responses to IIV across multiple influenza seasons 

HAI titers are conventionally used as a correlate of protection for seasonal influenza vaccines12,13. 

To assess vaccine responses in this cohort, sera was collected from participants at baseline (T1), 

~14 days post-vaccination (T2), and at the end-of-season or ~6 months post vaccination (T3) 
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(Figure 2). We evaluated serum HAI titers against both the H1 and H3 vaccine antigens, pre- and 

post-vaccination in all countries where samples were available (Figure 3). During the 2017-2018 

season there was a 9.11 (95% CI: 6.47-12.48) geometric mean fold increase (GMFR,Table 2) in 

H1N1 HAI titers in the vaccinated cohort (GMT 13.78 pre-vaccination compared to 125.2  post-

vaccination). The post-vaccination HAI titers in vaccinees was also significantly elevated 

compared to the placebo group, as expected (Table 2). Seroconversion is conventionally defined 

as a 4-fold increase in titer from baseline levels. In the vaccine group 59/80 (73.75%) participants 

met this threshold following vaccination in the 2017-2018 season. The rate of seroconversion was 

also statistically different from that observed in the placebo group (p <0.0001) (Table 2).  

 

In the 2018-2019 season, a strong vaccine response against the H1N1 component was also 

observed. The mean log10 (standard deviation) H1N1 HAI titers increased significantly post-

vaccination from 1.48 (0.52) to 1.93 (0.48) (p <0.0001) (Table 2). The post vaccination H1 titers 

were also showed significant increase relative to the placebo group (p <0.0001). The GMTs (95% 

CI) in the vaccine recipients rose from 30.77 (25.60-36.97) to 86.13 (72.78-101.9), a GMFR of 

2.80 (95% CI: 2.32-3.36) (Table 2). Relative to the previous season, H1N1 seroconversion 

declined to 34.91% (59/169). However, strong evidence has demonstrated that high levels of pre-

existing antibody, such as those raised from prior vaccination, can blunt de novo antibody 

synthesis.  

 

Finally, immunogenicity against H1N1 was also significant in the 2019-2020 season. In the 

vaccinees, HAI GMTs increased from 45.12 (95% CI: 38.68-52.64) to 98.79 (95%: 86.32- 113.1) 
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following vaccination (Table 2). This represents an GMFR of 2.189 (95% CI: 1.90-2.51) (p 

<0.0001). The H1N1 seroconversion rate in the vaccine group was 30.91% (64/207) (Table 2). 

 

Similar results were observed when each country was analyzed individually by year. Mean log10 

H1N1 HAI titers were significantly elevated post vaccination in all countries and years, apart from 

NG in 2018 and 2019 (Supplemental Table 2). These findings demonstrate that across all years 

assessed in this secondary serological analysis of participants from the IVVE trial, seasonal 

influenza vaccines induced strong responses against the H1N1 antigen in this high-risk cohort. 

 

Serum H3N2 HAI responses to IIV across multiple influenza seasons 

Current seasonal IIVs contain both the dominant circulating H1N1 and H3N2 IAV strains. Thus, 

we next evaluated the pre- and post- vaccination HAI titers against the H3N2 antigens in the 2017, 

2018 and 2019 seasonal vaccines (Figure 2). In the 2017-2018 season, post-vaccination HAI 

GMTs in the vaccine group were increased from 16.96 (15.41-18.67) to 18.85 (17.17-20.69) but 

were not significantly different from baseline (p=0.4743) (Table 3). Seroconversion against the 

H3N2 antigen was very low, with only 1.25% (1/80) of the participants who received vaccine 

exhibiting at least a 4-fold increase in titers (Table 3). 

 

Vaccination in 2018 resulted in a significant increase in H3N2 HAI titers, from a mean log10 titer 

of 1.31 (0.41) at baseline to 1.61 (0.45) (p <0.0001) following vaccination (Table 3). Post-

vaccination titers in the vaccine group were significantly higher than the placebo group (p 

<0.0001). The rate of seroconversion between the first two time was also significantly higher in 
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the vaccine group (29.58 %, 50/169)  compared to the placebo group, where only 6.49% (10/154) 

seroconverted, likely due to infection (p<0.0001) (Table 3). 

 

In 2019, there was a 1.56 (1.41-1.72) increase in the GMFR of H3N2 HAI titers in the vaccine 

group following vaccination (Table 3). The GMTs remained stable in the placebo group, 21.83 

(20.07-23.74) pre-vaccination to 23.58 (21.43-25.96) post-vaccination. The H3N2 post-

vaccination titers were significantly different between the vaccinated and placebo groups 

(p<0.0001) (Table 3). 

 

When H3N2 immunogenicity was assessed in each country by year, there was a significant 

elevation in mean log10  H3N2 HAI titers in PH and MZ in 2018, as well as PH and ZA in 2019 

(Supplemental Table 3). Interestingly, there was a significant difference in the seroconversion 

against H1N1 and H3N2 within the vaccine group in both 2017 (p <0.0001) and 2019 (p= 0.0002) 

(Supplemental Table 4). In 2017, 73.75% (59/80) of vaccinated participants seroconverted to the 

H1N1 antigen. In contrast only 1.25% (1/80) seroconverted to the H3N2 strain (Supplemental 

Table 4). Similarly, in 2019, (30.91%) 64/207 of vaccinees seroconverted to H1N1 following 

vaccination, whereas only 14.97% (31/207) seroconverted to H3N2 (Supplemental Table 4).  

 

Seasonal vaccine effectiveness against Influenza A Virus across multiple seasons  

Influenza vaccine efficacy (VE) is known to vary substantially from season-to-season. Efficacy 

generally ranges from 40-60 %, although in season with antigenic mismatch, efficacy has been 

observed as low as 10 %14. Evaluation of VE in RCTs is often determined using PCR-confirmation 

of infection, however, 4-fold rise in antibodies in paired samples can also be used as a serological 



Ph.D. Thesis- H. Stacey- McMaster University- Biochemistry and Biomedical Sciences 
 

 110 

surrogate of infection15,16. Here, we defined a >4-fold increase between post-vaccination and end 

of season (T3/T2) paired samples as serological evidence of infection. Vaccine efficacy was then 

calculated as (1- Relative Risk(RR)) x 100%. In the current study VE was not adjusted for age, 

sex, etc. In 2017-2018, the unadjusted VE (95% CI) estimate against any influenza A subtype was 

91.5% (50.3-98.6). In 2018-2019, VE was 72.29% (30.0-89.24) and in 2019-2020, the VE was 

estimated at 86.2% (63.2-94.9) (Table 4). 

 

Other studies have demonstrated that using serological confirmation of infection in an IIV cohort 

can result in an overestimation of VE. This is hypothesized to result from participants reaching an 

‘antibody ceiling’ following vaccination, such that titers are not significantly boosted even after 

infection16. Thus, for population level estimates of attack rate, a 2-fold increase in antibody titers 

was suggested to more accurately estimate rates of infection17. We therefore also estimated VE in 

our cohort using a 2-fold increase between T3/T2 as the cut-off. Using this method IIV still 

demonstrated efficacy in all seasons against both influenza A subtypes (2017: 28.29 (-16.0-55.8), 

2018: 51.32 (28.04-67.36), 2019: 71.31 (59.11-80.13)) (Table 5). However, wide confidence 

intervals were observed in 2017 which may suggest variability between participants. 

 

VE was also assessed against each influenza A subtype individually. Using the 4-fold 

seroconversion threshold, VE against H1N1 in 2017-2018 was 90.6% (44.3-98.5), in 2018-2019 

85.22% (8.19-97.65), and 78.45% (13.0-94.5) in 2019-2020 (Table 6). The estimated VE against 

H3N2 in 2017 was estimated at 100 (-2.248-100), though the wide range of confidence interval 

and low H3N2 infection rate makes this estimate unreliable (Table 6). In 2018 the VE was 64.53% 
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(-4.2-88.02%) against H3N2 and 89.8% (61.4-97.3) in 2019 (Table 6). The same analysis was also 

completed with a 2-fold cut-off (Supplemental Table 5). 

 

In the placebo group during the 2017-2018 season, most infections were caused by H1N1, 12.86% 

(9/70)  relative to H3N2 infection 1.43% (1/70) (p=0.0173) (Supplemental Table 6). This 

observation aligns with FluNet data, which shows that that majority of influenza A specimens 

collected in PH were H1N1 from July 2017- September 201718. In 2018-2019 and 2019-2020 the 

number of infections caused by H1N1 or H3N2 were not significantly different in the placebo 

group (Supplemental Table 6). For the 2018 seasons this is consistent with surveillance data, which 

demonstrated waves of H1N1 and H3N2 in MZ and NG. Although, A/H1N1 dominated in PH. In 

2019 there was a non-significant difference (p=0.0756) in H3N2 infections (19/191) relative to 

H1N1 (9/191) (Supplemental Table 6). In 2/4 countries surveyed, MZ and NG, H3N2 was the 

dominant IAV strain. During the 2019 season PH experienced an IBV dominant year and in NG 

H1N1 predominated10.  

 

Impact of vaccine immunogenicity on cardiovascular events 

We next sought to investigate whether there were differences in vaccine immunogenicity in 

participants who were vaccinated but had a cardiac outcome, compared to individuals who did not. 

Individuals who had an event between their T2 and T3 blood draw were included in this analysis. 

Seven participants in the vaccine group and four in the placebo group had a ‘cardiac outcome’ 

defined as, hospitalization for heart failure, stroke, myocardial infarction, all cause death, or 

pneumonia. When looking at responses against H1N1, seroconversion rates (T2/T1) against the 

vaccine antigen in vaccinated individuals who had a cardiovascular event were similar to those 
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observed for the whole cohort (4/7, 57.14%, data not shown). However, the overall magnitude of 

the post-vaccine HAI titers in vaccinated participants who had an event (GMT (95% CI), 40.00 

(16.16-99.03)) was reduced relative to vaccinated, non-event participants (GMT (95% CI), 100.1 

(90.37-110.9)) (Figure 4A). The absolute titer of H1N1 HAI titers at the T3 time point was also 

significantly lower in patients who had an event (GMT (95% CI), 14.86 (6.57-33.59)) and was 

similar to the H1 T3 titers of placebo participants who did not have a cardiac event ((GMT (95% 

CI), 14.64 (13.11-16.36)) (Figure 4A). 

 

The overall magnitude of H3N2  HAI titers was lower than those against H1N1 in both the placebo 

and vaccinated groups. No differences in H3N2 HAI titers were observed across groups 

irrespective of event status (Figure 4B). 

 

Factors associated with serological antibody responses to seasonal influenza vaccination  

The impact of factors such as age, sex, and pre-existing HAI titers on both absolute post-

vaccination titers and fold change in HAI titers was assessed using linear regression. Neither age 

nor sex were associated with vaccine responses (Table 7). Pre-existing absolute HAI titers were 

significantly associated with post-vaccination HAI titers both H1N1 and H3N2, in all years (Table 

7). In line with existing literature, pre-existing HAI titers demonstrated a significant negative 

association with fold change in antibodies against both H1N1 and H3N2 vaccine antigen across 

all years of the study (Table 7). These findings suggest that individuals with high titers of 

circulating antibody at baseline generate higher absolute titers following vaccination. However, 

high pre-existing antibodies can blunt the magnitude of the post-vaccination response.  
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Along these lines, mean log10 T2 H1N1 or H3N2 HAI titers were negatively correlated with log10 

fold change in T3/T2 antibodies across all years of the study (Table 8). Increased titers between 

vaccination and the 6-month follow-up are indicative of infection. This observation agrees with 

longstanding evidence that high absolute HAI titers following vaccination are protective against 

infection19. 

 

DISCUSSION 

Patients with cardiovascular disease represent a high-risk group for developing severe outcomes 

following influenza virus infection. In the recently completed IVVE trial, seasonal vaccination 

was demonstrated to reduce the risk of several cardiac events, including cardiovascular death, non-

fatal myocardial infarction, and stroke10. However, direct evidence of vaccine efficacy in this 

cohort was not assessed. We therefore sought to evaluate the immunogenicity of IIV in this study 

cohort to further establish the direct role of vaccine mediated protection from influenza infection 

in reducing cardiac events in vaccinated participants. We also assessed whether immunogenicity 

and efficacy of seasonal influenza vaccine differed across countries, or in individuals who suffered 

a cardiac event compared to those who did not. 

 

Using HAI to assess immunogenicity, H1N1 antibodies increased significantly in the vaccine 

group post-vaccination during all three seasons.  The overall magnitude of H3N2 HAI responses 

were lower in vaccinees compared to H1N1 titers. In 2017 no meaningful increase in H3N2 

antibodies was observed following vaccination. However, in 2018-2019 and 2019-2020 significant 

increases were observed in H3N2 HAI titers post-vaccination. 
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The vaccine was efficacious in all seasons when protection was assessed against either influenza 

A subtype. This result was consistent regardless of defining serological evidence of infection as a 

>4-fold increase or  >2-fold increase in HAI titers between T2 and T3. These findings support the 

conclusions of the primary IVVE trial and suggest that vaccine mediated protection limited 

influenza virus infections in the vaccinated group resulting in a reduction in cardiac events.  

 

We were interested in evaluating whether the response to vaccination might differ in participants 

who had a cardiovascular event when compared to those who did not. Rates of seroconversion 

following vaccination did not seem to be impaired. However, the GMT of HAI antibodies in 

participants who had a cardiovascular event was reduced post-vaccination and significantly 

different from patients who did not have an event at the 6-month timepoint. This effect was 

particularly apparent for H1N1 HAI titers.  

 

An HAI titer of 1:40 is classically regarded as a correlate of protection against influenza infection, 

although more recent studies suggest that higher levels more accurately predict protection20. One 

study demonstrated that 1:110 may more be a more accurate titer for 50% protection20. The 

vaccinated participants who had a cardiac event just met this threshold post-vaccination, and fell 

below it by the 6 month timepoint (T3), likely leaving them more susceptible to infection. It is 

unclear whether these modest HAI titers were a result of some underlying condition, a result of 

their exposure history (lower baseline antibody titers), or simply stochastic variation in the overall 

magnitude of their vaccine response. However, these results suggest that low antibody titers to 

seasonal influenza viruses is a risk factor for cardiac events in individuals with a history of 

cardiovascular disease. 
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The modest immunogenicity of the H3N2 component of the seasonal vaccine and relatively low 

efficacy of protection against that subtype in our study corresponds with the plethora of real-world 

data demonstrating considerable challenges in mounting efficacious vaccine responses against 

contemporary H3N2 strains21. The reduced efficacy against H3N2 strains may be due, in part, from 

the immense antigenic diversity of recent H3N2 clades22. Co-circulation of multiple subclades in 

the same region can impact H3N2 vaccine efficacy. Indeed, antigenic mismatch in the 2019 H3N2 

dominated season was observed in Mozambique and Zambia during our study10. Reduced VE 

against H3N2 in recent years has also been attributed to antigenic imprinting, namely changes in 

antigenic site B in contemporary H3N2 strains relative to those that circulated historically23–25. 

Given that the mean age of our vaccinated cohort was 52.25, these individuals likely had early life 

exposure to viral strains with S159. The H3N2 vaccine strains used in this study belong to the 

3C2.a clade which has Y at position 159. Egg-based production methods have also been 

hypothesized to reduce the antigenicity of H3N2 vaccine antigens by imparting egg-adaptions26. 

Although vaccines responses were lower against H3N2 compared to H1N1, the vaccine remained 

efficacious in our analysis. 

 

Prevention of PCR-confirmed infection is the gold standard for evaluating VE in influenza vaccine 

RCTs. However, serological surrogates of infection have also been used to estimate VE16. A recent 

comparison of efficacy endpoints in IIV and LAIV recipients demonstrated that using serological 

endpoints in vaccinated individuals can result in an overestimated VE16. This is hypothesized to 

result from an ‘antibody ceiling’, where high post-vaccination titers blunt re-seroconversion 

following viral infection. In placebo and LAIV recipients, PCR and serological infection aligned 
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more closely. However, only 23% of IIV participants with PCR confirmed infection showed 

serological evidence of infection16. Similarly, using a 4-fold increase in HAI titers to estimate 

infection in our study resulted in VE estimates that were well above the CDC estimates of 

effectiveness for the same seasons14. It is common for VE of seasonal influenza vaccines to range 

from 10-60%. For population level analyses, a 2-fold increase in titers has been demonstrated to 

reasonably estimate attack rates17. This has been hypothesized to help account for patient-to-

patient variations in factors like length of time from infection. To address this dichotomy, we also 

assessed VE in our cohort using a >-2-fold change between T2 and T3 as the cut-off. In our study, 

both 2- and 4-fold cut-off values suggested efficacy of the vaccine, though VE estimates using a 

2-fold cut-off are more in line with reported values.  

 

Interestingly, the IVVE study reported that the number of first co-primary events in the Philippines 

was higher in the vaccinated group (7.2%) relative to the placebo (5.6%), despite the fact that 

overall, a significant reduction in cardiac outcomes in the vaccinated group was observed. In this 

report, 2017 data reflects samples from the Philippines alone. When VE was analyzed using a 2-

fold increase in titers between T2 and T3, we observed that 2017 had the lowest VE against both 

influenza A subtypes (28.29 (-16.0 - 55.8)). Additionally, when VE was assessed against H3N2, 

2017 was the only year in which no benefit of the vaccine was observed (-6.7 (-110.9-45.6)). The 

poor efficacy of the vaccine in the Philippines in 2017 may in part explain why cardiac events 

were not reduced in the vaccinated group for this location. 

 

Given the observation that vaccinated patients who had cardiac events tended to have lower HAI 

titers, it would be interesting to explore in the future whether there are underlying risk factors (e.g., 



Ph.D. Thesis- H. Stacey- McMaster University- Biochemistry and Biomedical Sciences 
 

 117 

genetics, drugs used to treat cardiovascular disease, etc.) in a subset of individuals with 

cardiovascular disease that lead to impaired vaccine mediated responses. It may also be useful to 

consider whether “enhanced” vaccine formulations (i.e., high dose or adjuvanted) might benefit 

these individuals27.  

 

In conclusion, we demonstrate that IIV was immunogenic and efficacious in high-risk individuals 

with underlying cardiovascular disease. In agreement with the original IVVE trial, our results 

reinforce that seasonal influenza vaccination reduces the risk of cardiovascular events in this high-

risk cohort by preventing infection. Regular seasonal vaccination in patients with underlying 

cardiovascular conditions should therefore be strongly recommended.  

 

METHODS 

Study design and participants 

In this secondary analysis we assessed 673 participants who were enrolled in the IVVE randomized 

control trial (ClinicalTrials.gov: NCT02762851) between 2017 and 2019 (Supplemental Table 1). 

The original IVVE trial compared whether seasonal influenza vaccination reduced death and 

cardiovascular events in a heart failure cohort. Randomisation, masking, and establishment of 

outcomes are described in the in the main trial manuscript11. Briefly, 5129 participants from ten 

countries were randomly assigned to the vaccine (n=2560) or placebo groups (n=2560). Vaccinees 

received one dose intramuscularly of a standard dose inactivated influenza vaccine (Sanofi 

Pasteur- VAXIGRIP) or saline intramuscularly if in the placebo branch. Participants in the vaccine 

group received IIV with the WHO recommended strains relevant to the hemisphere of the study 

site. Across all years and sites included in this secondary analysis the H1N1 vaccine strain was 
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A/Michigan/45/2015(H1N1)- like virus. The H3N2 vaccine component changed across seasons. 

In 2017-2018 the H3N2 vaccine component was A/Hong Kong/4801/2014 (H3N2), in 2018-2019 

A/Singapore/2016 (H3N2), and in 2019-2020 A/ Switzerland/8060/2017 (H3N2).  The first 

outcome investigated was a composite of cardiovascular death, non-fatal myocardial infarction, 

non-fatal stroke and hospitalization for heart failure. Secondary outcomes included individual 

events as well as all cause death, pneumonia and all cause hospitalization. Events were assessed 

every 6 months during the whole study period and periods of peak influenza circulation. For the 

current event analysis, cardiac events were stratified to those occurring between T2 and T3. A 

cardiac event was any one of: hospitalization for heart failure, myocardial infarction, pneumonia 

or all-cause death. 

 

Sample collection  

Blood samples were drawn from a subset of each treatment group at baseline (T1), ~4-weeks post 

vaccination (T2), and ~6 months post vaccination (T3). For the current study serological samples 

from 2 sites in PH, 1 site in ZA, 1 in MZ, and 1 in NG were used, totalling 673 participants. 

Serological samples were obtained following vaccination in 2017-2018, 2018-2019 and 2019-

2020. 

 

Cells 

Madin Darby Canine Kidney (MDCK) were grown in Earles minimum essential medium (Earles 

MEM) containing 10% fetal bovine serum (FBS) (Gibco), 2 mM L- glutamine, 100 U/mL 

penicillin-streptomycin (Thermo Fisher), 1mM hepes (Sigma Aldrich), and sodium pyruvate 

(Sigma Aldrich). 
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Viruses  

A/Singapore/2016 (H3N2) and A/Michigan/45/2015(H1N1)- were propagated in 11- day- old 

embryonated chicken eggs as per standard protocols28. A/Hong Kong/4801/2014  (H3N2) and A/ 

Switzerland/8060/2017 (H3N2) were propagated in MDCK cells. Briefly, at 100% confluency 

MDCK cells were infected for one hour at MOI 0.01, in 1x minimum essential medium (MEM, 

Sigma Aldrich) supplemented with 2 mM L-glutamine, 0.24% sodium bicarbonate, 20 mM 

HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), MEM amino acids solution (Sigma 

Aldrich), MEM vitamins solution (Sigma Aldrich), 100 U/mL penicillin-streptomycin (Thermo 

Fisher), 0.42% bovine serum albumin (Sigma Aldrich), and 0.5 mg/ml trypsin (Sigma Aldrich). 

Media was replaced with media containing 0.5 mg/ml trypsin (Sigma Aldrich). Cells were left for 

72 hours, or until significant cytopathic effects were observed, supernatant was then collected.  

 

Hemagglutination inhibition assay  

HAI assay was performed according to standard WHO procedure and as described previously28,29. 

Briefly, serum was inactivated using trypsin-heat-periodate treatment prior to HAI assay. From 

20µl serum starting amount, samples were treated with 0.5 times starting volume of 8mg/ml 

TPCK-trypsin (Sigma-Aldrich) and incubated at 56°C for 30 minutes. Samples were cooled to RT 

and 3 volumes of 11mM potassium periodate solution (Sigma-Aldrich) was added. After 15 

minutes of incubation at RT, 3 volumes of 1% glycerol-PBS solution was added and incubated for 

another 15 minutes at RT. Lastly, 2.5 volumes of 0.85% PBS was added to the sample. Virus and 

serum were incubated for 30 minutes at RT. Chicken red blood cells were then added to the wells 

and plates were incubated at 4°C for 45 minutes prior to reading. HAI titers were defined as the 
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highest serum dilution factor with HAI activity; samples with no detectable HAI activity were 

assigned as half the limit of detection of the assay, “5”. 

 

Statistical Analysis  

We used C2 with Fisher exact test to compare categorical data. Linear regression, excluding 

variable interactions was performed in SPSS. ANOVA with Tukey’s multiple comparisons was 

used to compare log transformed HAI titers. A p-value <0.05 indicates statistical significance. 

Vaccine efficacy was estimated by first determining the RR (95% CI) of infection by C2, with 

Fisher exact test. VE was then calculated as (1-RR) x100, estimates were not adjusted for age or 

gender. All statistics were performed with either IBM SPSS Software version 29.0 or GraphPad 

version 9.5.0. Data visualization was performed by GraphPad version 9.5.0. 
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Figure Legends: 
 
 
 
Figure 1- Secondary analysis study profile. A schematic breakdown of participant numbers by 

intervention group, year, and country.  
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Figure 2- Timeline of serum collection for participants. Blood was drawn from participants in 

the vaccine and placebo group at three timepoints; T1- baseline, T2- approximately 14 days post-

vaccination, and T3- approximately 6 months after vaccination which corresponded to the end of 

the influenza season.  
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Figure 3- H1N1 and H3N2 HAI titers by study year, across all included study sites. A, C, E. 

Bar graphs representing the GMTs of H1N1 HAI antibodies of individuals in the placebo and 

vaccine group pre (T1) and post- vaccination (T2) in 2017-2018 (A), 2018-2019 (C), and 2019-

2020 (E). B, D, F. Bar graphs representing the GMTs of H3N2 HAI antibodies of individuals in 

the placebo and vaccine group pre (T1) and post- vaccination (T2) in 2017-2018 (A), 2018-2019 

(C), and 2019-2020 (E). Bars reflect GMTs with 95% CIs. GMT= geometric mean titer. 
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Figure 4- Magnitude of HAI titers in participants who had cardiac event versus those who 

did not. A. Bar graph representing the GMTs of H1N1 HAI antibodies of individuals in the 

placebo and vaccine group who did or did not have a cardiac event within the 6-month period post 

vaccination. B. Bar graph representing the GMTs of H3N2 HAI antibodies of individuals in the 

placebo and vaccine group who did or did not have a cardiac event within the 6-month period post 

vaccination. A+ B. Participants who had one of all cause death, non-fatal myocardial infarction, 

non-fatal stoke, pneumonia between T2 and T3 were included as an ‘event’. Bars represent GMTs 

with 95% CI of HAI titers across all study years and countries. GMT= geometric mean titer. 
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Table 1- Baseline participant characteristics in all study sites, independent of year. Data is 
mean (SD) or n/N (%). 
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Table 2- H1N1 HAI titers and vaccine seroconversion in all study years. Data is GMTs (95% 
CI) of HAI antibodies, mean of log transformed titers (SD), and n/N(%) with a 4-fold increase in 
T2/T1. A p-value <0.05 was significant. GMT= geometric mean titer, GMFR= geometric mean titer 
fold ratio, SD= standard deviation.  
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Table 3- H3N2 HAI titers and vaccine seroconversion in all study years. Data is GMTs (95% 
CI) of HAI antibodies, mean of log transformed titers (SD), and n/N(%) with a 4-fold increase in 
T2/T1. A p-value <0.05 was significant. GMT= geometric mean titer, GMFR= geometric mean 
titer fold ratio, SD= standard deviation. 
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Table  4-  Vaccine efficacy  estimates against both  A/H1N1 and A/H3N2 subtypes, using 4-
fold change in T3/T2 antibodies as serological evidence of infection. Data is n/N (%), OR (95% 
CI), RR (95% CI), and VE= (1-RR)x100. OR= odds ratio, RR= relative risk, VE= vaccine efficacy.
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Table  5 -  Vaccine efficacy  estimates against both  A/H1N1 and A/H3N2 subtypes, using 2-
fold change in T3/T2 antibodies as serological evidence of infection. Data is n/N (%), OR (95% 
CI), RR (95% CI), and VE= (1-RR)x100. OR= odds ratio, RR= relative risk, VE= vaccine efficacy.
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Table 6- Vaccine efficacy  estimates against either A/H1N1 and A/H3N2 subtypes, using 4-
fold change in T3/T2 antibodies as serological evidence of infection. Data is n/N (%), OR (95% 
CI), RR (95% CI), and VE= (1-RR)x100. OR= odds ratio, RR= relative risk, VE= vaccine efficacy.
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Table 7- Factors associated with  vaccine mediated protection.  Data is b coeffient (95% CI), 
p-values  >0.05 were considered significant.
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 Log T3/T2 HAI Titer 

 Influenza Vaccine Placebo 

Log T2 HAI Titer   
2017    

H1N1 -0.546 (<0.001) -0.188 (0.119) 
H3N2 -0.428 (<0.001) -0.508 (<0.001) 

2018    
H1N1 -0.393 (<0.001) -0.300 (<0.001) 
H3N2 -0.414 (<0.001) -0.206 (0.017) 

2019   
H1N1 -0.321 (<0.001) -0.249 (<0.001) 
H3N2 -0.598 (<0.001) -0.422 (<0.001) 

 
Table 8 – Factors correlated with serological evidence of infection. Data is Pearson co-
efficient with (2-tailed sig). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Ph.D. Thesis- H. Stacey- McMaster University- Biochemistry and Biomedical Sciences 
 

 138 

Figure 1- Secondary analysis study profile 
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Figure 2- Timeline of serum collection timepoints for participants 
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Figure 3- H1N1 and H3N2 HAI titers by study year, across all included study sites 
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Figure 4- Magnitude of HAI titers in participants who had cardiac event versus 
participants who did not 
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Supplemental Table 1- Baseline participant characteristics in all study sites and years. Data 
is mean (SD) or n/N (%).          
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Supplemental Table 2- H1N1 HAI titers and vaccine seroconversion in all study years and sites. 
Data is GMTs (95% CI) of HAI antibodies, mean of log transformed titers (SD), and n/N(%) with a 
4-fold increase in T2/T1. A p-value <0.05 was significant. GMT= geometric mean titer, GMFR= 
geometric mean titer fold ratio, SD= standard deviation.
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 Supplemental Table 3- H3N2 HAI titers and vaccine seroconversion in all study years and sites. 

Data is GMTs (95% CI) of HAI antibodies, mean of log transformed titers (SD), and n/N(%) with a 
4-fold increase in T2/T1. A p-value <0.05 was significant. GMT= geometric mean titer, GMFR= 
geometric mean titer fold ratio, SD= standard deviation. 
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Supplemental Table 4-  Comparison of seroconversion  rates to A/H1N1 and A/H3N2 antigen 
by year within groups.    Data is  n/N (%), p-values >0.05 were  significant.



Ph.D. Thesis- H. Stacey- McMaster University- Biochemistry and Biomedical Sciences 
 

 146 

 
 

 
 

 
 

 
Supplemental Table 5- Vaccine efficacy  estimates against either A/H1N1 and A/H3N2 
subtypes, using 2-fold change in T3/T2 antibodies as serological evidence of infection. Data is 
n/N (%), OR (95% CI), RR (95% CI), and VE= (1-RR)x100. OR= odds ratio, RR= relative risk, 
VE= vaccine efficacy.
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Supplemental Table 6- Comparison of breakthrough infections by influenza subtype and 
intervention group. Data is n/N (%), a p-value >0.05 was considered significant. 
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Supplemental Table 7- WHO recommended vaccine strains for 2017,2018 and 2019. 
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6.0- Chapter 6: Discussion 
 
6.1 Improving current vaccines 
 
Despite reductions in circulation during the COVID-19 pandemic, influenza virus infections still 

pose a significant threat to public health16. The rates of infection in younger cohorts during the 

COVID-19 pandemic has resulted in increased burdens on hospitals as influenza, RSV, and other 

respiratory viruses have rebounded with the lifting of public health mitigation measures266. Older 

adults remain at significant risk of morbidity and mortality from influenza infection, as do those 

with underlying health conditions such as cardiovascular disease. While there has been a major 

emphasis on development of a ‘universal’ vaccines over the past decade, improving seasonal 

vaccines and optimization of vaccination recommendations, particularly in high-risk cohorts, 

represents as accessible and short-term strategy to combat influenza virus more effectively. This 

dissertation aims to enhance our understanding of the benefits and limitations of influenza 

vaccines, especially in children and high-risk patients. 

 
 
6.1.1 Leveraging mucosal antibody responses 
 
Currently approved seasonal vaccines already utilise a variety of vaccine platforms and routes of 

administration, which vary in both the types and magnitude of antibody responses induced. In 

Chapter 3, we demonstrate that IgA antibodies, which are more readily elicited by mucosal 

vaccines such as LAIV, induce a unique Fc-dependent effector function in neutrophils. We 

observed that IgA in complex with a variety of viruses, as well as auto-antigen, induces release of 

NETs via NETosis172. IgA immune complexes induced NETosis more potently than IgG immune 

complexes. Furthermore, we showed that these NETs can trap and inactivate influenza viruses, 

consistent with previous observations in the context of bacterial and fungal microbes182. The 
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mechanisms underlying the differences between the downstream effects of FcgR and FcaR 

engagement have yet to be elucidated. Altered signalling pathways after FcR binding may in part 

explain these differences267. Alternatively, different Fc region modifications (i.e. glycosylation) 

have also been hypothesized to contribute to the functional differences between IgA and IgG175. 

 

In the context of influenza virus, NETosis seems to be driven primarly by bnAbs that bind to the 

HA stalk domain, which has implications for universal influenza vaccine design. Our group has 

recently demonstrated that both seasonal IIVs and LAIVs are capable of inducing bnAbs that bind 

to the HA stalk81. Additionally, these results build on previous observations from our group which 

identified that bnAb neutralization potency was enhanced by IgA174. HA stalk-binding IgA 

induced following seasonal vaccination may therefore contribute to protection from seasonal 

vaccines and should be evaluated when investigating vaccine immunogenicity. 

 

Given these results, the relative contribution of IgA to protection in vivo should be more carefully 

evaluated. Now a suitable murine model expressing the human FcaR is available and  

distinguishing the protective versus pathogenic effects of IgA mediated NETosis following 

infection is possible268.  

 
 
6.1.2 Understanding vaccine response in pediatric cohorts 
 
Young children are at significant risk for hospitalization and severe complications following 

influenza virus infection. In Canada, during the three influenza seasons prior to COVID-19, 

hospitalizations among children aged 0-4 were eclipsed only by those in adults age 65+269. In 

addition to increased risk of morbidity, influenza exposure in early life has been shown to influence 
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subsequent immune responses to infection and vaccination111. While both TIV, LAIV and A-TIV 

are approved for use in children, and have demonstrated immunogenicity and efficacy, little is 

known about how immune imprinting with different vaccine formulations shape antibody 

hierarchies. The results presented in Chapter 4 suggest that primary exposure with different 

vaccine formulations may impact strain specific recall responses and the induction broadly-

neutralizing HA stalk antibodies. 

 

The concept antibody hierarchies against historical strains of influenza has been widely recognized 

for decades. Thomas Francis Jr. coined the term, ‘original antigenic sin’ in the 1960s112. However, 

there are currently no widely accepted assays or methods for quantification of ‘OAS’ responses. 

Classically, reduced antibody titers against a contemporary strain relative to a historical strain, as 

measured by binding assay (ELISA) or HAI have been used. Recent work has demonstrated that 

OAS-like antibodies with reduced binding in vitro can still provide protection in vivo270. However, 

the beneficial or detrimental impacts of OAS are surely context-dependent. Building on the results 

of Chapter 4 it would be of great interest to directly investigate the impact of OAS-like responses 

induced by different vaccine formulations on efficacy over multiple seasons – a question that we 

were not sufficiently powered to address. 

 

It is important to note that we were limited to serological assessment of OAS in the current study 

and other groups have demonstrated that CD4+ T cells contribute to the establishment of OAS220. 

Future studies that explore the impact of vaccine type/formulation on T cell responses would also 

be important and of considerable interest. Establishing the underlying immunological mechanisms 

that drive OAS-like responses, and the ways in which vaccines impact those responses, may 
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facilitate more rationale design of vaccines to leverage the beneficial features of OAS, while 

minimizing those that are detrimental. 

 
 
6.1.3 Understanding vaccine responses in high-risk cohorts 
 
Influenza virus infections have been shown to exacerbate cardiovascular illness, resulting in 

increased cardiac events, such as myocardial infarction and death254. As such, the ability of 

seasonal influenza vaccines to provide protection against infection in high-risk cardiovascular 

patients should be carefully evaluated. The recently completed IVVE clinical trial demonstrated 

that seasonal influenza vaccines reduce cardiovascular events during periods of peak influenza 

circulation264. In Chapter 5, we show in a secondary analysis using a subset of IVVE samples, that 

the inactivated influenza vaccine was immunogenic. Based on serological surrogates of infection, 

seasonal vaccination was also efficacious against both influenza A subtypes. These findings 

provide further evidence that seasonal vaccines are effective in patients with heart failure and 

support the observation that they limit cardiovascular events by reducing infection.  

 

The results from Chapter 4 and 5 demonstrate that investigating the impact of seasonal vaccine 

types/formulations in high-risk cohorts, such as the immunologically naïve or those with 

underlying risk factors, can yield important implications for making recommendations for 

effective vaccination strategies in these populations.  

 
 
6.1.4 Utilizing sero-epidemiological evidence to evaluate vaccine efficacy 
 
Given the modest real-world effectiveness of seasonal influenza vaccines, ensuring that vaccine 

efficacy is accurately estimated during clinical trials is essential. Laboratory confirmed-influenza 
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is regarded as the gold-standard for evaluation of VE. However, given scale, cost, and feasibility, 

PCR testing is not always available. Using alternative methods, such as serological evidence of 

infection and symptom reporting can also yield reasonably accurate estimates of efficacy271. In 

Chapter 5 we show that serological evidence of infection can be used to estimate VE. PCR and/or 

serological- endpoints in conjunction with self-reported symptoms would help to distinguish 

between mild, asymptomatic illness and severe illness more clearly. In the IVVE study, for 

example, is not entirely clear whether the severity of infection is associated cardiac outcomes or if 

the even mild influenza infection is sufficient to trigger cardiac outcomes.  

 

Although the VEs reported in Chapter 5 were higher than those observed by the CDC during the 

same seasons, the agreement between our serological ascertainment of efficacy during the 

secondary analysis and the vaccine’s effect against cardiovascular outcomes in the main trial 

suggests that this method can be used in the absence of laboratory confirmed infection272.   

 
 
6.2 Advancing next-generation vaccines and therapeutics 
 
Current seasonal vaccines are subject to costly annual reformulation and are not protective against 

pandemic strains of influenza virus. The induction of long-lived, broadly protective responses, in 

contrast to strain-specific antibodies, is the goal of next-generation vaccines. At present, the 

National Institute for Allergy and Infectious Disease (NIAID) criteria for a universal vaccine 

includes protection against all group 1 and 2 influenza viruses, with IBV being a secondary 

target133. Iterative improvements on current seasonal vaccine breadth to be subtype specific (all 

strains in a given subtype) or multi-subtype (multiple subtypes in one group) may be realized 

before a true universal vaccine is developed.  
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The development of stalk-binding monoclonal antibody therapies may also benefit treatment of 

patient populations for whom vaccination is not an option. Antibody cocktails of different 

specificities and isotypes, analogous to a polyclonal antibody response following vaccination, may 

be beneficial as both prophylactic and therapeutic treatments. Further investigation into the 

mechanisms of IgA mediated protection, such as those in Chapter 3, will be required to optimize 

these biologics. 

 
 
6.2.1 Harnessing immune imprinting 
 
The induction of anamnestic antibody responses against non-neutralizing epitopes may be 

detrimental to seasonal vaccines responses. In contrast, the induction of memory responses against 

conserved epitopes is the goal of many universal vaccine strategies. Early childhood infection has 

been demonstrated to provide within group, heterosubtypic protection from later infection114. 

However, when priming with a vaccine, the impact of having multiple HA antigens present 

simultaneously during imprinting is not clear. Selection of a universal vaccine platform for optimal 

use in children will be essential, as rationally imprinting the immune system may facilitate optimal 

generation of long-lived broadly protective responses. In Chapter 4 we show that seasonal LAIV, 

IIV and A-TIV induced group 1 and group 2 HA stalk antibodies following vaccination. This 

induction was highest upon primary vaccination but diminished in following years. This is 

analogous to what is observed for immunodominant responses against the HA head domain 

following repeat seasonal vaccination130. While we were fortunate to have access to sequential and 

paired samples, we were unable to assess the longevity of the bnAb responses in children imprinted 

on seasonal vaccines beyond 3 years. Further, vaccine was received in each of the years studied. 
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The durability of stalk responses elicited by a universal vaccine is a critically important feature. 

Prior work from our group suggests that bnAb responses are long-lived, although these findings 

were in an adult population and these titers may, in part, be sustained by repeated exposures to 

influenza113. As such, the durability of stalk antibodies induced in childhood requires additional 

investigation. 

 
 
6.2.2 Considerations for vaccine formulation 
 
Immunogens that stimulate broadly-protective antibody responses have been widely explored in 

both pre-clinical and early clinical studies. Given that seasonal vaccine platforms induce varied 

responses in different cohorts, developing a one-size fits all universal vaccine will be challenging. 

However, there has been limited comparison of broadly-reactive immunogens in the context of 

different vaccine platforms across age groups. A recent Phase I clinical trial results showed that 

chimeric HA antigens had unique immunogenicity profiles when delivered as IIV, A-IIV, or 

LAIV146. It is likely that specialized vaccine platforms may be required to induce a significant 

boost in bnAbs in older populations with naturally high pre-existing bnAbs.  

 

Similar platform specific differences will likely be observed in pediatric cohorts. We demonstrated 

in Chapter 4, using a reporter ADCC assay, that both intramuscularly delivered IIV and mucosally 

administered LAIV induced significant HA stalk antibodies following primary vaccination. 

However, similar to the blunting of HAI antibodies that occurs following sequential LAIV 

administration, repeated LAIV recipients were observed to have reduced ADCC responses as well. 

LAIV also showed reduced ADCC induction in children who had been primed by prior infection.  
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Route of vaccine delivery will also undoubtedly play a role in the realization of a universal vaccine.  

In the context of COVID-19, the inability of current intramuscular vaccines to elicit sterilizing 

systemic immunity and declining vaccine effectiveness against emerging variants has resulted in 

increased interest in mucosal vaccination. Recently, increased titers of RBD and spike-specific 

mucosal IgA were shown to correlate with protection from omicron breakthrough infections273,274. 

While current intramuscular vaccines induce these antibodies at low levels, these findings suggest 

that specific targeting of these responses may improve vaccine mediated protection. 

 

Recent work from our group in the context of a COVID-19 adenovirus vectored vaccine, also 

clearly showed a route-dependent effect of vaccine immunogenicity and protection in murine 

models. In our study, both candidate vaccines were more immunogenic when delivered 

intranasally, compared to intramuscular administration. Additionally, the intranasally delivered 

vaccine was able to provide protection against both ancestral strain and variants of SARS2127. 

 

The findings of Chapter 3 further underscore the unique properties of mucosal antibodies. 

Universal vaccine platforms that aim to elicit stalk binding IgA antibodies should also be 

considered. Emphasis will also need be placed on standardized functional assays to quantify IgA 

mediated Fc effector functions in order to accurately quantify the contribution of IgA in universal 

vaccine mediated protection.  

 

In summary, the challenges facing improved influenza vaccines are multifaceted. Increasing the 

breadth of vaccine mediate responses will undoubtedly reduce costs associated with annual 

reformulation and considerably advance pandemic preparedness. In the interim, improving strain-
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specific seasonals vaccines will reduce the burden of influenza infections on global public health. 

By considering multiple facets of the immune response to influenza virus, more effective vaccines 

can be realized. 
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