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ABSTRACT 

 

The Alphainfluenzavirus influenzae (FLUAV), is an enveloped, negative sense, single 

stranded RNA virus and part of the Orthomyxoviridae family. The FLUAV is comprised 

of eight genome segments, with segments HA and NA being the primary targets for host 

humoral responses and determining the subtypes of the influenza viruses. N-linked 

glycosylation may occur at the N-X-S/T sequon sites of NA and HA, and potentially 

impact the structure of HA and NA and thus transmissibility, antigenicity, and/or 

immunology of the FLUAV. FLUAVs circulating in humans have shown an increase of 

N-linked glycosylation sites, compared to those circulating in avian. Monitoring the 

heterogenicity and site occupancy of N-linked glycosylation is important in 

understanding the national history of FLUAVs. Advancements in glycomics technology 

and methods have helped precisely characterize N-linked glycosylation and develop 

therapeutic targets and broadly protective vaccines for influenza prevention and control. 
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CHAPTER 1 Introduction  

1.1 Background of influenza structure and strains 

Influenza virus is an enveloped negative-sense single-stranded 80 to120 nm diameter 

RNA virus in the Orthomyxoviridae family1,2. As of June 2023, the International 

Committee on Taxonomy of Viruses (ICTV) made changes to the International Code of 

Virus Classification and Nomenclature (ICVCN) to set a standard nomenclature for virus 

species3. Influenza virus species have a new species name and abbreviations to 

accommodate to the mandated binomial nomenclature where the first part of the name 

refers to the genus while the second part is the species4. The classification is as follows: 

influenza A virus is now Alphainfluenzavirus influenzae (FLUAV), influenza B virus is 

now Betainfluenzavirus influenzae (FLUBV), influenza C virus is now 

Gammainfluenzavirus influenzae (FLUCV), and influenza D virus is now 

Deltainfluenzavirus influenzae (FLUDV)3,5,6. In humans, an influenza infection will 

occur in either the upper or lower respiratory tract, and the patients, particularly those 

infected with FLUAV, experience fever, headaches, muscle pain, cough, sore throat, or 

runny nose7,8. In addition to humans, FLUAV has a natural reservoir in wild aquatic birds 

but infects domestic poultry and a wide range of other mammalian species, including 

swine, horses, bats, seals, dogs, cats, and ferrets to name a few9–11. FLUBV primarily 

infects the upper respiratory tracts of humans and a few other mammalian hosts, such as 

seals, ferrets, and swine11–13.   

FLUAV and FLUBVS are constructed with eight viral genome segments, polymerase 

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

hemagglutinin (HA), matrix (M), neuraminidase (NA), nucleoprotein (NP), and non-

https://ictv.global/about/code
https://ictv.global/about/code
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structural protein (NS) (Figure 1a)12,14.  The main difference between FLUAV and 

FLUBV genome segment replication is how FLUBV only has splicing for NS to form 

NS1 and NS2 while FLUAV also has splicing for NS, it also splices M to form M1 and 

M214. For FLUAV and FLUBV replication, the HA attaches to the sialic acid receptor to 

let the cell go through endocytosis to enter the cell. Sialic acids are sugars with nine-

carbon backbone present on the surface of the glycoproteins and glycolipids of a host’s 

surface15. As the endosome becomes acidic via the M2 pumping in protons into the 

endosome, the virus envelope and endosomal membrane fuse. The low pH also induces a 

conformational change in HA leading to HA2 fusion peptide to be exposed16. The fusion 

peptide aids in bringing together the viral and endosomal membrane together17. The viral 

RNA dependent RNA polymerase (RdRp) is made up of three viral proteins: PB1, PB2, 

and PA, with PB2 containing the endonuclease activity. The RdRp along with the one 

copy of a negative sense vRNA covered in many copies of NP forms a viral 

ribonucleoprotein (vRNP) (Figure 1b)18 . The vRNPs are released from the M1 

membrane into the host cell cytoplasm7. The vRNPs enter the nucleus via nuclear 

localization signals19. To begin replication, the vRNP’s RdRp transcribes the negative 

sense vRNA into positive sense mRNA by cap snatching the 5’ methylated cap from host 

mRNA to prime viral transcription20,21. The viral mRNA is exported into the cytosol to 

start translation and produce proteins for replication22,23. The proteins needed for 

replication and translation are transported back into the nucleus19. Now replication begins 

as the viral negative sense vRNA is converted into a positive sense complementary RNA 

(cRNA) to serve as the template23. Each eight complementary cRNAs are used to make a 

negative sense vRNA which exits the nucleus and into the cytoplasm as a vRNP24. In the 
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cytoplasm the HA and NA undergo polymerization, glycosylation, and acylation. The 

HA, NA, and M go to the plasma membrane and begin the budding process, using the 

host cell membrane to form the envelope25. When at least eight distinct vRNP segments 

meet at the budding site, they are organized into a 1+7 conformation pattern (Figure 1c) 

26. The virion buds off and NA cleaves the bonds with sialic acid to let the virion leave 

the cell23.  

 

Figure 1: FLUAV and FLUBV genome segments and structure characteristics. (A). Genome 

organization of the eight negative-sense, single-stranded vRNA gene segments PB2, PB1, PA, HA, NP, NA, 

M, and NS of FLUAV and FLUBV. (B) Virion structure of FLUAV and FLUBV containing the eight vRNA 

which are wrapped around many copies of viral NP to make the vRNPs complexes. The lipid bilayer 

membrane contains HA, NA, and M2. The M1 is located under the membrane. A close up of the viral RNA-

dependent RNA polymerase, compromised of PB1, PB2, and PA, attached to the vRNP covered with 

multiple viral NP are the minimal components needed for replication and translation. (C). A top view cross 

section of the virion highlighting how the eight vRNP form a “1 + 7” configuration. Created with 

BioRender.com. Based on a model published in 2018 Dou, Revol, Östbye, Wang and Daniels. Frontiers in 

Immunology. 
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FLUAV subtypes are determined by the antigenic properties of surface 

glycoproteins HA and NA19. Glycoproteins are a type of protein that have carbohydrate 

groups like sugars, starch, or cellulose attached to the polypeptide chain27. For FLUAVs, 

18 HA and 11 NA subtypes have been determined by their serological cross-reactivity28. 

HA can be categorized into group 1 and group 229. Group 1 of HA consists of H1, H2, 

H5, H6, H8, H9, H11, H12, H13, H16, H17, and H18 while group 2 consists of H3, H4, 

H7, H10, H14, and H15 (Figure 2a)22. The 11 NAs are divided into three groups: group 1 

contains N1, N4, N5, and N8 subtypes, and Group 2 contains N2, N3, N6, N7, and N9, 

while group 3 consists of the bat-origin N10 and N11 subtypes (Figure 2b)30–33. The 

combinations of HA and NA groups are utilized to name FLUAV subtypes32. The 

FLUAV subtypes documented to cause pandemic or epidemics in humans are H1N1, 

H2N2, and H3N2, and these viruses are speculated to possibly originate from either 

swine or avian34. The FLUAVs that are currently epidemic in the human population are 

the FLUAV subtypes H1N1 and H3N2, which have been co-circulating since the 

1970s14,19,35. 

Comparably, FLUBV antigenically distinguishable lineages Yamagata and Victoria 

have been circulating in humans during the influenza season since the 1980s22,36. The low 

amount of FLUBVS host species and slower mutation rate compared to FLUAVs host 

species could be the reason why FLUAVs are more diverse than FLUBVs37.  
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Figure 2: Phylogenetic trees of FLUAV HA and NA. Influenza B is utilized as the outgroup for the 

phylogenetic analysis. (A) The 18 HA organized into either group 1 or group 2 based on Phylogenetic 

similarities. Created with BioRender.com. 

 

1.2 The role of HA and NA in FLUAV 
HA and NA are important influenza surface glycoproteins that serve as a prominent 

immunogenic target for the host immune system38. HA is the more abundant envelope 

protein compared to NA39. For the time being, the most characterized protein for FLUAV 

is HA which consists of a homotrimer of a head and a stalk domain that forms spikes on 

the viral envelope to bind sialic acid present on the surface of the cell membrane39. The 

most common sialic acid types FLUAV can target are the α-2,3 linked salic acid which 

has a linear conformation and the α-2,6 linked sialic acid which has a more bent 

conformation40,41. The α-2,3 linked salic acid is widely distributed in avian while the α-

2,6 linked salic acid is mainly in the upper respiratory system in humans42. Sialic acid 

receptors are part of glycoproteins and serve as the primary receptor targets for 
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FLUAVs41. HA binds to the host cells through the salic acid receptors and initiates viral 

entry into the host cell cytosol via viral and endosomal membrane fusion43. This fusion 

involves both HA domains HA1 and HA2 which are created by proteolysis of HA and 

linked by disulfide bonds17. Subunit HA1 contains the receptor binding domain while 

HA2 has the fusion peptide44. The HA1 of subtype H3N2 and H1N1 seasonal FLUAVs 

has five antigenic sites, where amino acid substitutes were shown to occur frequently45–47. 

In H3N2, the antigenic sites are categorized as site A, B, C, D, and E with each site 

containing many epitopes, each of which is composed of approximately 12-15 amino 

acids, can initiate immunological responses, and interact with the antibody38,48–50. Among 

these five sites of H3N2, sites A and B are the most immunodominant sites of HA and 

were shown to be one of the major sites having driving antigenic drift of seasonal H3N2 

FLUAV in the past five decades38. 

The NA glycoprotein FLUAV consists of a head domain, stalk domain, a 

transmembrane (TMD), and a short N-terminal cytoplasmic tail which form a 

homotetrameric type II membrane protein resembling a mushroom-like shape51,52. The 

head domain contains the enzyme active site, which is also known as the highly 

conserved catalytic region53. The main role of NA in FLUAV is as a sialidase which aids 

in viral release by cleaving the sialic acid receptor bond between the infected host cell 

and HA to release the influenza virus15,44. If NA is not present in the virus, then the viral 

particle will not release from the plasma membrane51. NA has seven independent 

antigenic sites which contribute to directing antigenic drift54,55. The seven antigenic sites 

surround the enzyme active site, the highly conserved catalytic region56,57.  
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FLUAV’s genetic diversity is due to having an error prone RdRp, as it lacks a proof-

reading mechanism, and a high reassortment rate due to their segmented 

genomes58,59.FLUAV Antigenic drift in FLUAV from the error prone RdRp causes 

mutations in the HA or NA antigenic surface epitopes which are then often selected by 

host immunological pressures43. Antigenic shift is caused by FLUAV reassorting the HA 

and NA of FLUAVs when they co-infect the same cell to yield a new FLUAV subtype19. 

Antigenic shift in FLUAVs has been responsible for influenza pandemics, such as the 

1918 Spanish flu, the 1957 Asian flu, and the 1968 Hong Kong flu while antigenic drift is 

responsible for seasonal outbreaks in humans14. The evolution of HA and NA for 

FLUAV is shown to have significantly been influenced by immunological pressure from 

the virus host19. 

Even as both HA and NA subunits undergo similar antigenic and immunogenic 

pressure, NA is less inclined to amino acid changes than HA60. Antigenic drift is not 

routinely examined for NA and only a few studies have focused on NA antigenic 

evolution by using data sets and construction antigenic maps52,55. From those studies, it 

was shown with an antigenic map that there was antigenic stasis in human H1N1 NA for 

over ten years prior to 2009 influenza season even though there were genetic changes in 

NA61. 
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Figure 3:HA and NA structure. A.) Head and stalk domain of 1918 H1 HA. Structure from PDB ID: 

1RUZ. B.) Head and stalk domain of 2018 N9 NA. Structure from PDB ID:6CRD. Figures generated on the 

Protein Data Bank website.  

 

1.3 Glycosylation explanation and its role in antigenic drift 

 Glycosylation is the chemical addition of carbohydrates, also called glycans, to the 

backbone of a protein via an enzymatic reaction62. N-linked and O-linked glycosylation 

are the most common types of glycosylation in. O-linked glycosylation has not been 

frequently observed in FLUAVs, but N-linked glycosylation is often detected in both HA 

and NA of FLUAV56. N-linked glycosylation sites are only found in a specific sequence 

of amino acids called a sequon63. The sequon is Asn-X-Ser/Thr where X signifies any 

possible amino acid except proline and the glycans covalently attached to the asparagine 

(N)64. There are three types of N-Linked glycan types: high mannose, complex, and 

hybrid (Figure 4)65,66. High mannose is comprised of only mannose sugars for the glycan 

type that extend from the N-acetylglucosamine (GlcNAc) core 57. Complex glycosylation 

has extensions made from N-acetyl glucosaminyl transferases that expand from the core 

while hybrid is a mix of the complex and high mannose structures65,66. Furtherly, the type 
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of cell impacts glycan heterogeneity per the cellular glycosylation machinery and the 

specific conditions that the cell is exposed to67. The glycoforms in N-linked glycosylation 

at a specific site can aid in immune evasion from the host immune system such as 

masking antigenic sites, also known as epitope masking 68. 

 

Figure 4:Types of N-Linked Glycosylation. Overview of high mannose, hybrid, and complex glycan 

structures. Created with BioRender. 

 

Both FLUAV HA and NA proteins acquire N-linked glycosylation post 

translationally63,69. But first the glycan structure must be assembled in the endoplasmic 

reticulum (ER) where glycans are further added, trimmed, and branched out by 

glycosidases and glycosyltransferases as the glycoproteins move through the Golgi 

apparatus (Figure 5)44,70. Specifically, the first phase of N-linked glycosylation is 
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initiated on the surface of ER or the cytoplasmic site of ER71. There assembly starts by 

the attachment of two GlcNAc and five mannose residues on a dolichol phosphate (Dol-

P) carrier molecule (Figure 5)67. Then, one mannose and three glucose residues are 

removed with glucosidase I, II and ER α-mannosidase72. From that stage, glycans are 

either added or subtracted by various glycosidases, such as Endo H, and 

glycosyltransferases as the structure makes its way through the Golgi Apparatus. N-

linked glycosylation maturation in the Golgi apparatus is approximately categorized into 

three steps: branch formation, elongation, and capping73.  The glycan structure is 

considered mature once there are sialic acids at the end of each branch72,74. 

 

Figure 5: N-linked Glycosylation synthesis: The general steps for constructing an N-linked glycosylation 

structure in the ER and Golgi apparatus.71 Created with BioRender.com. 

 

N-linked glycosylation in HA can play a role in influencing virus infectivity and host 

immune responses while N-linked glycosylation in NA impacts the structure, activity, 

specificity, virulence, and thermostability thus affects virus release75. The N-linked 

glycosylation on HA and NA proteins help the influenza strain better evade the host 

immune system by covering epitopes that elicit neutralizing antibodies which could have 
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the potential to improve viral fitness or help the host immune system recognize the 

strain76,77. Notably, N-linked glycosylation can lessen the effect of antibody-mediated 

cross neutralization via antigen masking which was observed with the 1918 influenza 

pandemic strain and the A(H1N1)pdm09 strain with the addition of N-linked 

glycosylation sites at the 129 and 163 residues78–80.The amount, length, and types of N-

linked glycosylation on the surface HA strongly impact antigenicity and virus 

immunogenicity on the immune response 81. In fact, under-glycosylation of glycoproteins 

impact HA by causing defects on folding and transport70. The addition or deletion of an 

N-linked glycosylation site in HA and NA are important factors in influenza’s ability to 

escape the host immune responses. For example, adding FLUAV N-linked glycosylation 

at antibody binding sites of seasonal H3N2 FLUAVs may reduce antibody binding to HA 

and NA by masking antigenic sites26. A prior study showed that changes in N-liked 

glycosylation facilitates the viral adaptation of seasonal H3N2 viruses to human 

populations46,47. A novel N-linked glycosylation site in HA or NA can be used as a strain 

marker. For instance, in the 1918 and 2009 influenza pandemics strains where they have 

a specific 104 amino acid residue with an N-glycosylation site that is one way to track if 

an influenza reassortment came from 1918 or 2009 influenza pandemic strains82. Overall, 

N-linked glycosylation site mutation in the HA and NA impact FLUAV’s virulence, 

pathogenicity, and sensitivity to neutralizing antibodies. 

 

1.4 Influenza A viruses in swine and avian 

In addition, to humans, FLUAV nationally infects many animals, most commonly 

avian, swine, equine, canine, and sea mammals83. Human contact with domestic animals 
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is one of the common pathways FLUAV transmission occurs for animals to humans and 

vice versa84,85. The evolution and ecology of FLUAVs presence in the swine and poultry 

populations are less monitored in many countries compared to those in humans86. The 

limited surveillance for virus transmission between swine and poultry is concerning. 

Swine are the metaphorical ‘mixing vessels’ for avian and swine FLUAV strains since 

swine have both avian-like alpha 2,3-linked and human-like alpha 2,6-linked sialic acid 

receptors meaning swine are a host for frequent emergence of novel reassortment avian 

and swine FLUAVs87. These emerging novel reassortment FLUAV could have the 

potential to be highly infectious, enhance host immune evasion, or have better 

transmission within swine and even between swine and humans9,88. On the topic of 

transmission, N-linked glycosylation sites in NA are noted to have a part in FLUAV 

virulence and transmission as deletions or additions of N-linked glycosylation sites on 

HA and NA can impact cross-species transmission89,90. For example, the deletion of an 

amino acid at 131 on the H5N6 HA head produces a new a N-linked glycosylation site at 

the 129 residue which lowered the pH threshold for HA and cell membrane fusion and  

enhanced HA thermal stability to promote the cross species transmission from birds to 

humans90,  

Further animal trading across regions, states, and even countries have been shown to 

facilitate the emergence and spread of a novel FLUAV virus86,91,92. The FLUAV subtypes 

most detected in swine are H1N1, H1N2, H3N1, and H3N2, which can also sporadically 

spill over to humans93. In domestic poultry, subtype H3, H5, H6, H7, H9, and H10 are 

frequently detected, with subtype H5 and H7 can be switched from a low pathogenic 

form to a high pathogenic form90,94,95. Some of these avian viruses, such as H5, H6, H7, 
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and H10 caused sporadic infections in humans, although no or only limited transmission 

of these viruses were observed in humans9,94. Subtype H5 and H7 HPAI FLUAV can lead 

to a high mortality rate in domestic poultry, particularly chickens and turkeys and cause 

economic repercussions9,96. Compared to domestic poultry, particularly chicken and 

turkey, migratory aquatic birds, such as waterfowl ducks and geese, typically suffer much 

less or even no mortality after being infected97. Of note, until the emergence of the recent 

A/Goose/Guangdong/1/1996(H5N1)-liked lineage, neither H5 nor H7 HPAIVs were 

shown to cause deaths in wild aquatic birds98. Often these wild aquatic birds can become 

carriers and spread the virus during migration. Infection from these avian strains to 

humans, mainly infecting humans in their lower respiratory system containing alpha 2,3-

linked sialic acid and a higher mortality rate, is rare but insights into how N-linked 

glycosylation impact virulence can be used to better understand the adaptable capabilities 

of cross-species transmission into mammalian/human host95,99. For instance, the N-linked 

glycosylation deletion mutations N27Q and N39Q in H5N1 HA lowers their virulence on 

human dendritic cells specific ICAM-3 grabbing non-integrin (DC-SIGN) lectin 

receptors and impacts transmission to humans99,100. Swine infected with subtype H5N1 

HPAI typically have minor clinical signs, although the HPAI virus may replicate in swine 

respiratory tissues101. In order to infect humans from other humans, these avian or swine 

viruses need to have an efficient binding efficiency to the human-like alpha 2,6-linked 

sialic acid receptors101,102. These avian or swine origin FLUAVs are typically 

antigenically different from those in humans and can cause a pandemic strain as the 

human population has little to no immune protection to these infections90. Thus, 
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pandemic preparedness against these FLUAVs at the animal-human interfaces are 

critical.  

 

1.5 Vaccine designs for influenza 

Seasonal FLUAV circulates across the globe year-round between the northern and 

southern hemispheres during their respective flu seasons103. These influenza epidemics in 

humans causes millions of deaths, economic losses, and disruptions and shortages of 

hospital time and resources due to the surge of infections104,105. Currently vaccination 

against influenza is the best way to prevent and control the spread and transmission of 

influenza with antiviral treatment being utilized to treat serious influenza infection 106.  

Seasonal influenza vaccines currently used are either the trivalent or the quadrivalent 

vaccine based on the predicted influenza strains circulating in the region to be 

immunodominant based on antigenic profiling and extensive genetic analysis collected 

from the last influenza season as the basis of the prediction of next year’s potential 

infectious strains107,108. The quadrivalent vaccine was made due to a recommendation in 

2012/2013 season of including both FLUBV lineages as the trivalent vaccine, which 

contained FLUAV H1N1, H3N2, and one FLUBV lineage, had a low antigenic match 

during influenza season12. The quadrivalent vaccine containing the two FLUBV Victoria 

and Yamagata lineages, with the two FLUAV H1N1 and H3N2 subtypes has coverage of 

both FLUBV to eliminate the guessing game of which strain is dominant and to reduce 

the burden of FLUBV infection in hospitals109. However, for the 2024/2025 influenza 

season in the northern hemisphere, the World Health Organization is recommending 

removing FLUBV Yamagata lineage as it has not been detected circulating in humans 
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since March 2020. This would make the 2024/2025 influenza shot a trivalent vaccine 

with FLUVB and two FLUAV strains110.  

The vaccine development starts six months before the start of that hemisphere’s 

influenza season and mainly utilizes chicken eggs and to a lesser extent cell culture or 

recombinant-based technology to grow the virus111. Within those six months testing, 

quality control, and clinical testing of the HA antigen’s ability to stimulate neutralizing 

antibodies are conducted112. Currently, HA head domain antigenicity is targeted more in 

vaccine development as the abundance of neutralizing antibodies against the HA head 

domain after vaccination are considered more effective to protect against FLUAV113. 

However, a shift to consider the more conserved HA stem epitopes for broader protection 

and possibly longer lasting protection as the HA head domain epitopes do not have broad 

protection against similar FLUAV strain114,115. One thing to note is that the H1 HA stalk 

has a highly conserved N-linked glycosylation site located above the anchor epitope 

which has the potential to obstruct antibody targeting for that epitope114. 

A natural infection of the influenza virus elicits a host immune response against both HA 

and NA52. Antigenic drift and shift impact the antigenicity of the FLUAV HA and NA 

glycoproteins and how influenza vaccine targets are developed111. HA glycoproteins are 

more immunodominant than NA, but HA has a higher mutation rate which makes it 

harder to make productive and long-term therapeutics targeting HA115,116. Additionally, 

the loss or gain of a N-linked glycosylation site in HA or NA alters antigenicity and 

virulence19,117. A flaw in the influenza vaccine method is not considering that a N-linked 

glycosylation site mutation in the circulating virus can cause an antigenic mismatch 

between the circulating virus and the vaccine. These mutations can happen in the 
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circulating strains as the process of the influenza vaccine is being developed and in the 

middle of influenza season. The loss in protection for that influenza season is in part due 

to the inflexible timeline of the current influenza vaccine method49,118. Additionally, 

when grown in eggs, it has been seen that a mismatch of the vaccine virus and the 

circulating virus can happen, like in 2016-2017 influenza season where the circulating 

strain had T160, a glycosylation site addition mutant, while the egg grown strain mutated 

back to the less dominant mutation K160119. Another oversite is FLUAV strains 

circulating between poultry and swine that can cross-species transmit to humans due to 

antigenic shift can also lead to the influenza vaccine having less protection that 

year18,120,121. 

There are a few hurdles for implementing the influenza vaccine to the public. 

Aside from the potential of the vaccine not being highly protective against the circulating 

strain due to mismatch, there is the potential of people having an allergic reaction to the 

vaccine components, and the supply and demand problems112,122. The influenza vaccine 

component that most people are allergic to is the egg protein from the vaccine virus being 

grown in chicken eggs123. To remedy this other vaccine methods have been developed, 

such as cell-based vaccines124. The cell-based production of a vaccine is faster at 

producing and responding to circulating influenza strains compared to egg-based flu 

vaccines as it is not dependent on the supply of eggs available. It also will not contain any 

egg protein making it safe for people with egg allergies. Additionally, the N-linked 

glycosylation sites of the cell-based vaccine are less likely to mutate compared to 

vaccines grown in chicken eggs119,125. 
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The inactivated vaccine Flucelvax is a cell-based influenza vaccine grown in 

Madin-Darby Canine Kidney (MDCK) cell line and is already on the market126. As an 

inactive vaccine, meaning the virus was killed and cannot cause the disease, Flucelvax 

has a safe record, and it is not likely for people with dog allergies to have a reaction127. 

Another example is the recombinant HA vaccine FluBlok which is grown in insect cells 

infected with a baculovirus vector128. A recombinant vaccine is a type of vaccine that 

contains a specific version of a protein, in FluBloks case it uses the HA glycoprotein as 

an antigen126. When utilizing a baculovirus vector a virus like particle (VLP) which is 

hollow would be composed of proteins, in this case HA, and would be the antigen 

presenting peptide129. 

Utilizing antigens like purified proteins or polysaccharides is safer but less 

immunogenetically responsive meaning an adjuvant, a component in vaccines that is used 

to help the immune response detect and create a better immune response to the target 

component in the vaccine, must be used130–132. Other cell types that can be used are plant 

cells, E. coli, or yeast cells133. Another vaccine type is mRNA vaccines which are faster 

to produce and use messenger RNA (mRNA) to make proteins to trigger an immune 

response making it highly safe as has no risk of causing disease134,135.  Additionally, 

subunit vaccines are another type of vaccine which uses a section from the surface of the 

pathogen instead of the whole pathogen, like the HA or NA subunits of influenza107,130. 

N-linked glycosylation is an important parameter for influenza subunit 

vaccines136. Especially as the addition of N-linked glycosylation sites in NA and HA sites 

can increase antigenic drift, mask antigenic sites, and can impact the binding of 

antibodies to the NA and HA segments34,61,137,138. In fact, N-linked glycosylation 
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mismatch in circulating flu to the vaccines during the 2016-2017 influenza season was 

due to the eggs used to grow the vaccine which virus reverted to a past mutation which 

caused a loss of a N-linked glycosylation site and led to the vaccine having poor 

nuetralization119. This mismatch was due to egg-adaptive mutations preferring α2,3-

linked receptors causing the loss in N-linked glycosylation site mutation, the change in 

virulence, and the switched HA receptor binding specificity in virus vaccine 

production119,125 

Compared to fully glycosylated glycoprotein neutralization, vaccines with 

monoglycosylated HA glycoprotein had a broader range of antigen protection against 

influenza strains139. Monoglycosylated samples induce a broader but stronger immune 

response for the antigenic epitopes compared to the regular glycosylated site140. It has 

been observed that a vaccine made with monoglycosylated HA (HAmg) from avian 

influenza H5N1 had a better antibody response than the fully glycosylated HA (HAfg)
139 

Additionally, the host’s dendritic cells more readily engulf the HAmg and produced a 

higher number of cross-reactive antibodies compared to the HAfg
139,141. The 

monoglycosylation works as having a single GlcNAc residue to Asn in N-Linked glycans 

is enough for the glycoprotein to fold and stabilize12.Subunit vaccines and 

monoglycosylation have mainly been focused on the HA segment of influenza as it is 

more antigenically reactive but has a higher mutation rate compared to the NA 

segment130,139. Targeting monoglycosylated NA sites from many past pandemic strains 

and having a mixture of monoglycosylated NA for a broader protection vaccine has the 

potential to last more than one flu season142. The gap in knowledge in N-linked 

glycosylation evolution is higher for NA compared to HA as HA has been the focus of 



19 
 

FLUAV vaccine development for year107,108,143–145. Although, it has been shown that 

there has been an increase in specific NA N-linked glycosylation sites that are known to 

contribute to antigenic drift in circulating influenza H3N2 strains which has led to higher 

escape mutations or lower protection from human monoclonal antibodies146. The 

utilization of a glycosylation database for NA N-linked glycosylation sites and types will 

be useful for future vaccine development as there is less knowledge about NA 

evolution145. 

  



20 
 

 CHAPTER 2: Impact of N-linked Glycosylation on Influenza Evolution and Viral 

Fitness 

2.1 Structural impact of N-linked glycosylation on influenza 

The addition of sugars, also known as glycans, for the N-linked glycosylation of 

FLUAV’s HA and NA surface glycoproteins is a crucial step for N-linked glycosylation 

impacting the molecular mass, the biophysical properties, folding, structure, and 

influencing protein targeting of host immune system90,147,148. The glycans at N-linked 

glycosylation sites are crucial for FLUAV cell entry and shielding from antibody 

recognition which aids in evasion of the host’s immune system149. The high structural 

diversity of the glycans at the N-linked glycosylation sites is due to their biosynthesis not 

being template driven but dependent on host factors like the type of host animal, tissue, 

cell, and location 149. The variety of monosaccharide glycans utilized as the building 

blocks aids in the high complex structural diversity as there are various ways the glycans 

can attach, bond, be enzymatically removed, and configurate into the positions and 

linkages within the N-linked glycosylation site 71,149.  

The glycans in FLUAV can increase the HA and NA’s folding efficiency by 

recruiting lectin chaperons, like calnexin and calreticulin, to aid in disulfide bond 

formations150. This function of glycans is important in HA and NA glycoprotein sites that 

contain a lot of intramolecular disulfide bonds. Calreticulin and calnexin are lectins that 

bind to new glycoproteins with monoglycosylated N-linked glycans in the endoplasmic 

reticulum (ER) and are chaperones that promote glycan assembly, quality control, and 

proper folding of glycoproteins150,151. The absence or presence of N-linked glycosylation 

sites and the types of glycan structures can impact the viral fitness and the FLUAV’s 

ability to grow in certain cells152.  
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FLUAV HA and NA are arranged in a patch wise distribution on the virus surface 

in a range of 4:1 to 9:1 ratio99. This distribution of HA and NA on the surface contributes 

to FLUAV’s motility and entry balance 52. The N-linked glycosylation of HA and NA is 

important for virus survival as the balanced ratio of receptor binding activity and virus 

release is needed51,153,154. Having a few amounts of N-linked glycosylation modifications 

on HA can cause it to bind too tightly to the receptor leading to higher NA activity to 

release the virus from the cell surface. Alternatively, having too many N-linked 

glycosylation modifications leads to weak receptor binding and less need for NA activity 

to release from the cell surface47.   

HA is dependent on N-linked glycosylation to modulate proper folding, receptor 

interaction and efficient virus release from cell surface76,77,138,150. The N-linked 

glycosylation of HA impacts the structural maturity and influences the pace of folding 

and formation of disulfide bonds155,156. HA N-linked glycosylation sites in the stalk 

region are crucial for proper folding and structural confirmation47. For instance, the N-

linked glycosylation site deletion mutation N27A in HA produces a nonfunctional virus 

and upon further inspection N-linked glycosylation at N27 is vital for HA folding90,157. N-

linked glycosylation sites near the head could shield antigenic sites from host cell 

immune recognition and can contribute to antigenic diversity60,138,156. Since not all N-

linked glycosylation sites are glycosylated as there are a limited number of glycans, 

glycosidases, and glycotransferases in a cell means that FLUAV HA has regions that are 

glycosylated and regions without N-linked glycosylation, this is referred to as site 

occupancy62.  
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  There are places in FLUAV HA where N-linked glycosylation can aid or harm the 

virus survival, like near the catalytic site and in the head stem region34,158. If there is an 

N-linked glycosylation site too close to the HA cleavage site, the glycans have the 

potential to interfere with virus entry by preventing protease access at the cleavage site80.  

Also, when deletion mutations of N-linked glycosylation in the HA stem region occur 

caused faster folding while deletion of the HA head domain inhibited folding150. N-linked 

glycosylation mutations that are not lethal aid in the structural diversity of FLUAV152. N-

linked glycosylation sites on the HA stem are conserved and shown to be crucial for the 

development and/or maintenance of HA159. N-linked glycosylation is necessary for HA 

folding, the number and location of the N-linked glycosylation site are important for 

virulence34,159–161. 

The N-linked glycosylation of the NA stalk aids in NA head stability52. Adding 

N-linked glycosylation sites to NA increases NA’s enzymatic activity while decreasing 

N-linked glycosylation sites in NA decrease the enzymatic activity lowering virulence, 

and transmission of FLUAV147. For instance, the conserved N-linked glycosylation sites 

44-50 and 68-70 on the NA stalk are suspected to aid in protecting the enzymatic 

cleavage site68. Generally, N-linked glycosylation in NA increases its stability and 

rigidity while reducing entropy147. Having a crowded NA surface increases entropy, can 

lead to a conformational change, and make the protein structure more compact and stable 

147,162. This crowding phenomenon can impact cellular pathways and biological 

interfacing of the NA glycoprotein as glycans impact stability162. Overall, N-linked 

glycosylation of HA and NA can have positive or negative impact on the FLUAV’s 
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functionality, immunogenicity, folding, stability, and modulation of virus receptor 

binding80,147,163,164.  

 

2.2 N-linked glycosylation site mutations impact on virulence and pathogenicity 

The FLUAV binds to glycans on the host cell that terminate in sialic acids while 

the glycans on the FLUAV are also recognized by the hosts immune cell’s glycan binding 

proteins41,74,165. Host cell glycosylation can impact the FLUAV HA’s ability to bind to its 

receptors and interact with neutralizing antibodies152. The host immune cells with the 

glycan binding receptors can capture FLUAV but the amount and place of the N-linked 

glycosylation site in FLUAV can either promote or prevent immune escape and 

infection9. The importance of N-linked glycosylation recognition mediating FLUAV 

infection is also influenced by the amount and location of the N-linked glycosylation sites 

on NA and HA and its impact on glycan masking137,166,167. Mutations that add N-linked 

glycosylation sites near antigenic sites in the HA and NA genome can produce an 

FLUAV with resistance to antibodies able to bind to masked FLUAV epitopes152. For 

example, N-linked glycosylation at 142, 172, and 177 on Ha can aid in antigenetic 

masking68. Additionally, hyperglycosylation near masked epitopes has the potential to 

have a growth advantage in humans and escape immune pressures168. Alternatively, 

having low-glycosylated NA can elicit a greater immunogenicity than hyperglycosylated 

NA169. Interestingly, unglycosylated NA had similar immunogenicity to the 

hyperglycosylated NA169. Measuring the N-linked glycosylation sites and potential sites 

of FLUAV and virus host interactions can aid in broadening understanding of FLUAV 

ecology and pandemic-like strain emergence87,95,170–173.   
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FLUAV N-linked glycosylation is a key component of host range and zoonotic 

transmission with differences in N-linked glycosylation presence impacting molecular 

interactions of the virus and host 69,76, 170,171 77. For example, human FLUAV H1N1 

pandemic strain had four N-linked glycosylation sites on the HA’s globular head while 

avian and swine H1N1 HA strains did not have these sites152. Glycans of N-linked 

glycosylation sites can aid or hold back FLUAV transmission between 

animals72,80,81,84,174,175. The type of sialic acid HA prefers to bind to, avian or human, 

critically impacts FLUAV transmission14. In the case of avian influenza like HPAI 

strains, transmission into humans only happened within direct close contact of avian to 

human but rarely transmitted from human to human99. However, when infected, the 

infection in the human was in the lower lungs where cells express the α-2,3 linked salic 

acids and was more severe compared to human circulating FLUAV which infect the 

upper respiratory system containing the α-2,6 linked sialic acids 149. The transmission of 

HPAI H5N1 viruses from avian to humans is a concern as it can cause a potential 

pandemic in humans95,97. Further, H5N1 HA contained five highly conserved N-linked 

glycosylation sites and two non-conserved sites, 181NVT and 170NST, when circulating 

in avian and when H5N1 crossed the species barriers to infect humans. The conserved N-

linked glycosylation sites in H5N1 HA stayed the same as the strain circulated human 

populations, but the non-conserved N-linked glycosylation sites had changing N-linked 

glycosylation patterns to escape from host immune pressures176,177. One of these changes 

in N-linked glycosylation in H5N1 is the lack of a N-linked glycosylation site at the 158 

amino acid residue improves binding to the human α-2,6 linked receptor while enhancing 

transmission and pathogenicity at the cost of reducing virus replication178,179.  
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In the swine host where both the α-2,3 linked and the α-2,6 linked sialic acids are 

present in the respiratory tract, FLUAV can cocirculate and undergo mutations and 

reassortments to switch from the avian α-2,3 to the human α-2,6 linked sialic acid leading 

to a possible transmissible strain that is potentially a pandemic-like strain for 

humans85,86,180. For example, the first 21st century influenza pandemic was from 

interspecies reassortments in swine causing the emergence of the 2009 swine flu, known 

as A(H1N1)pdm09 virus181. The A(H1N1)pdm09 virus contained gene segments from 

three different FLUAV subtypes, the HA subunit from classical H1N1, the M and NA 

subunit from an Eurasian avian-like H1N1 swine influenza subtype, and the rest of the 

subunit genes from the triple reassortment internal gene (TRIG) cassette85,170,182. 

Interestingly, A(H1N1)pdm09 virus only had one N-linked glycosylation site, at residue 

104, the same site but different residue as the 1918 H1N1 pandemic. This one N-linked 

glycosylation site in A(H1N1)pdm09 virus disrupted the notion that all influenza viruses 

pandemics in humans have to have an increase of glycosylation sites. Moreover, human 

circulating FLUAVs usually spill back into swine leading to more genetic diversity in the 

HA and NA genes. After the A(H1N1)pdm09 pandemic occurred, it replaced the seasonal 

H1N1 virus and is now a seasonal human FLUAV cocirculation globally with H3N2, 

H1N2, and FLUBV183. Specifically, when A(H1N1)pdm09 virus crossed back into swine 

its gene segments, like PA, NP and M recombined and replaced the TRIG counterparts to 

became part of the dominant circulating strain in swine 181. These FLUAV with the 

A(H1N1)pdm09 reassortments had less N-linked glycosylation sites on FLUAV HA and 

NA compared to pre-2009 influenza seasons81,177. Interestingly, compared to seasonal 

H1N1 before 2009, two N-linked glycosylation sites (142N and 177N) on HA were 
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absent from the A(H1N1)pdm09 virus61,180,182. Adding these two N-linked glycosylation 

sites back into A(H1N1)pdm09 virus strains increased virulence and pathogenicity but 

could reduce the sensitivity to neutralizing antibodies179.  

How N-linked glycosylation aids the zoonosis, the transmission of the disease to 

humans from animal host, needs to be better studied to understand the biological 

constraints on cross species transmission and as a tool for filling in the gaps of zoonotic 

predictive risk assessment and vaccine design184. An infection of FLUAV in a host elicits 

an immune response to both HA and NA52. Having a vaccine with a combination of HA 

and NA could provide a better protection to FLUAV compared to a vaccine just using 

HA52. Overall, the addition or deletion of an N-linked glycosylation site in HA can 

impact the pathogenicity and virulence by effecting fusion activation into the host cell or 

by blocking antigenic sites on FLUAV.  

2.3 Evolution of N-linked glycosylation sites in FLUAVs 

Glycans are found at the surface or extracellular matrix of eukaryotic, archaea and 

bacteria74. The glycans of FLUAV are located at the surface of their glycoproteins HA 

and NA giving way to the glycans being a factor in molecular recombination events149.  

The location of the N-linked glycosylation sites for HA and NA is determined by the 

nucleotide sequence and mutations that add or remove these sites happen at a high 

frequency due to FLUAV high recombination and mutation rate152. Holistically viewing 

FLUAV N-linked glycosylation mutations and host function can allow one to begin to 

observe and predict the evolutionary constrains and selective pressures on 

FLUAV68,145,185.  
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Human FLUAV’s have a documented example of linear evolution of adding N-

linked glycosylation sites over time, especially in HA186. The only exception is the 

pandemic A(H1N1)pdm09 strain, but circulating strains after the 2009 season do show an 

increase in N-linked glycosylation sites187. (Figure 6A) The intervals for adding N-linked 

glycosylation sites in HA are five years for H1 strains and seven years for H3 strains until 

the functional limit was reached76,138 At the point of reaching the functional limit for the 

addition of N-linked glycosylation sites, the HA genome had mutations where the N-

linked glycosylation sites swapped at 2-fold longer intervals138. The NA glycoprotein 

evolved slower at the nucleotide level than HA52. This gradual pace can be seen in the 

number of N-linked glycosylation sites in NA has been steady in the stem region and 

head region56,117,142. Additionally, there is a divergence between the NA’s antigenic and 

genetic evolution 52.  
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Substitutions in the amino acids in circulating FLUAV were correlated with 

antigenic epitopes and receptor binding sites evolution47,145. It has been suggested that the 

accumulation of N-linked glycosylation sites aid in immune evasion38. The accumulation 

of N-linked glycosylation sites has been observed in both H3N2 and H1N1 

subtypes34,46,61,170,182 For example, there were four potential N-linked glycosylation sites 

in the human HA stalk for 1918 H1N1 which increased to eight potential N-linked 

Figure 6:H1 HA N-linked Glycosylation Evolution from 1918 to 2017: (A). Timeline of H1 HA 

glycosylation addition, deletion, and site switching frequences of certain amino acids N-linked 

glycosylation sites. Years with no data are left blank and yellow lines correspond to pandemic 

FLUAV glycosylation emergence. (B). Predictive mean of glycans along the sequences from each 

year after 1977. Figure from reference 186. Copyright © 2019 Atlman et al. mBio. 



29 
 

glycosylation sites for the circulating strains, with the new four N-linked glycosylation 

sites found in the HA globular head (Figure 6B)59,166,178.  

When H3N2 first started circulating in humans it only had six N-linked potential 

glycosylation sites, two of which were in the HA globular head46,55. For decades, the HA 

head of H3N2 FLUAV subtype has gradually been accruing potential N-linked 

glycosylation sites, from two sites in 1968 to the seven sites in the 2000 flu season 

(Figure 7A)47. Current circulating H3N2 subtypes have 13 potential N-linked 

glycosylation sites in the HA, four in the stalk domain and 9 in the globular head domain 

(Figure 7B)145. Additionally, the amino acid at 165 usually contains a high mannose N-

linked glycosylation which is conserved in H3N2 subtypes47. With pre-1975 H3 strains, 

there were N-linked glycosylation sites in the HA stalk region from human strains that 

contained two or more sites that were not found in avian H3 HA’s strains. These N-linked 

glycosylation sites are nowhere to be seen in the avian H3 HA pre or post 197561,72. This 

could suggest that the human FLUAV HA strains that have gained N-linked 

glycosylation sites are more prevalent in circulating populations174. Especially when H1 

FLUAV strains could be preserving N-linked glycosylation sites in the tip of the HA head 

domain in humans while eliminating them in avian and swine populations due to 

selective host pressures160,172. Interestingly, as N-linked glycosylation in H1 at the tip of 

HA head domain is not required for the FLUAV growth in human cells, the H1 lab 

strains WSN and PR8, which have been grown for years, do not have N-linked 

glycosylation at the tip of the HA head domain187. This suggest that human H1 with more 

N-linked glycosylation sites on the tip of HA head domain have been only circulating in 

human populations and not spilling back to avian populations since the 1950s152. The 
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increased rate of N-linked glycosylation sites in the HA head domain of FLUAV could be 

an evolutionary adaptation for further circulating in a population that has immunities to 

past strains80,139,142,172,188.  

  

 

For the other FLUAV subtypes, the 1957 H2N2 pandemic strain only had one N-

linked glycosylation site on the HA and NA globular head and has not experienced any 

change138. HPAI H5N1 infections in humans have six N-linked glycosylation sites 

Figure 7: H3 N-linked Glycosylation Evolution from 1968 to 2017. (A). Timeline of H3 HA 

glycosylation addition, deletion, and site switching frequences of certain amino acids N-linked 

glycosylation sites. Years with no data are left blank (B). Predictive mean of glycans along the 

sequences from each year after 1968. Figure from reference 186. Copyright © 2019 Atlman et al. 

mBio. 
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available90,160. Sequencing of H5 HA isolates from 2004-2020 showed that there were 

nine N-linked glycosylation sites, two of which were conserved56,97,189. The N-linked 

glycosylation patterns in HPAI H5N1 has not evolved in humans for long99. The HA of 

X31 strain, which contains the six internal gene from PR8 and the surface proteins form 

H3N2, had seven N-linked glycosylation sites, four in the stem domain, one in the hinge, 

and two in the globular head150. As FLUAV undergo rapid evolutionary changes year to 

year, monitoring the genetic and antigenic changes in the circulating viruses can aid in 

prevention and controlling the transmission of FLUAV183. As the amount of N-linked 

glycosylation sites in FLUAV increase, the morbidity, mortality, and viral titers are 

impacted 16,19,88,164. This showcases the necessity of routine surveillance for genomic 

changes which can cause evolutionary changes of FLUAV. Especially, the transmission 

and antigenic analysis of circulating FLUAV from locally, regionally, urban to rural and 

vice versa.  
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CHAPTER 3: Developments in N-linked Glycosylation Analyses in FLUAVs  

3.1 Mass spectrometry utilized in characterizing glycan type and sequences.   

 As N-linked glycosylation has a role in early folding aided by the molecular 

chaperones calreticulin and calnexin on the FLUAV HA and NA glycoproteins, it is 

important to assemble a structural analysis of the N-linked glycosylation structure and 

glycan type composition72,190–192. In the past structural analysis and glycoforms 

composition have been pieced together using a combination of nuclear magnetic 

resonance, X-ray crystallography, theoretic calculation, and most importantly mass 

spectrometry (MS)30,190,193. Utilizing MS one can analyze released glycan structures, map 

out glycan site locations, glycan site occupancy, and determine site specific glycan 

heterogeneity with only a small volume of materials to produce this glycan profile128,194.  

MS can measure a sample’s mass-to-charge ratio (m/z), meaning the molecular 

weight of the ions divided by the number of charges present, and one is able to calculate 

the exact molecular weight of the sample195–197. For large molecules like proteins, which 

contain many ionic charges, the m/z ratio is a fraction of the ion mass198,199. MS utilizes 

mass spectrometers containing an ion source to get ionized by the machine, a mass 

analyzer to sort the ions by m/z ratio, and a detector to display a mass spectrum chart of 

the measured ions195. It is crucial that the samples are ionized to get detected as they 

accelerate in the machine195,198,200. To make sure the samples do get ionized one has to 

prepare the sample into a liquid or gaseous phase201. The most common way is utilizing 

liquid or gas chromatography, but other ways are electrospray ionization and capillary 

electrophoresis198,202.  
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Determining the whole complex structure of a glycan at an N-linked glycosylation 

site is difficult as glycans have a poor ionization efficiency and can have linear or 

branched oligosaccharides making it more difficult to characterize than other proteins or 

peptides202,203. Because of this, the field of glycomics and glycoproteomic have not 

advanced as fast as other -omics fields like genomics and proteomics198. Currently, MS is 

viewed as an important method for virus glycoprotein glycosylation characterization. 

When MS is coupled with molecular and structural experiments it can lead to further 

understanding of glycoprotein glycosylation204. MS can accurately determine the types of 

glycans present in a glycosylation site as the monosaccharides comprised in the N-linked 

glycosylation structure, such as mannose, fructose, glucose, galactose, GlcNAc, and N-

Acetylneuraminic acid (Neu5Ac), otherwise called sialic acid, have a known mass and 

can be profiled accordingly (Figure 8)197,200. With this information, one can monitor the 

heterogenous N-linked glycosylation population for changes in glycans, like a rise of 

fructose meaning there are more complex or hybrid N-linked glycosylation in FLUAV204. 

As N-linked glycosylation follows a non-template driven process and the glycans 

attached are reliant on the host’s diversity of glycosidase and glycosyltransferases, 

understanding glycosylation profiles and advancements in glycomics and proteomics 

matters198,202,205.  
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Figure 8: Glycan isotopic mass. List of monosaccharides in order from top to bottom with their 

corresponding weights: GlcNAc, mannose, fructose, galactose, and Neu5Ac. Created with BioRender. 

 

3.2 Advancements in methods pertaining to glycosylation.   

  Even though MS yields accurate mass and gives sequence information of N-

linked glycosylation fragments of FLUAV HA and NA, a variety of techniques can aid in 

acquiring more complete glycomics detail192,206,207. A major development in MS analysis 

are the advancements in liquid chromatography (LC) which is the most prevalent 

separation technique for glycans 198,208,209. Moreover, liquid chromatography MS (LC-

MS) has an efficient isomeric separation without commonly resorting to using 

nonvolatile salts making it a compatible system to use208. An improvement in the LC-MS 

system is the addition of high-performance liquid chromatography (HPLC) where higher 

operational pressure is used compared to LC which uses gravity force for the separation. 

HPLC has better efficiency as the pressure delivers the mobile phase at a controlled flow 

rate201,206. With this, HPLC can be used to separate purified glycans based on its 

characteristics and make a map which identifies glycan compositions and utilize a 
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software to predict structures in FLUAV201. Another advancement is matrix-assisted laser 

desorption/ionization-time-of-flight mass spectrometry (MALDI-TOF-MS) assays. The 

MALDI-TOF-MS is fast, has high throughput, uses low sample consumption, has soft 

ionization, and automation potential209,210. MALDI-TOF-MS can determine the mass of 

proteins, peptides and glycans by soft ionization causing little fragmentation and the ions 

of the samples198,210,211. Because of the low fragmentation, MALDI-TOF-MS is used for 

screening complicated mixtures of glycans along with glycan sequencing using 

exoglycosidic digestion to give glycosidic linkage information210. A major aid in N-

linked glycosylation characterization was the development of the highly sensitive glycan 

array 208,212,213. It allowed for quick screening of virus binding specificity and could be 

made to express HA 213,214. It coupled with the high-throughput analysis of glycoproteins, 

like FLUAV HA and NA, advanced glycomics greatly212.  Also, advancements in partial 

or fully deglycosylation reagents, such as Endo H, Endo F3, and PNGase F, have aided in 

N-linked glycosylation type analysis72,193,202,215. 

 

3.3 The role of bioinformatics in characterizing potential N-linked glycosylation 

sites for vaccine design.  

As glycosylation analysis requires many methods to fully characterize it, the high 

amount of glycomics and glycoproteomic data produced are stored in 

databases193,197,199,216. These databases are made to store sometimes very specific data, 

general data, data on glycans in specific host and cells, or have a database of databases 

for others to search for specific information190,207,217. One of these databases is a 

computer simulation using an open-source pipeline of glycans called 

GlycoSHIELD207,218,219. These simulations predict how glycans on static protein 
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structures interact with therapeutics, its shielding impact, and its influence on the protein 

structure218. Another name for glycan shielding is glycan masking. As glycan masking 

happens naturally on FLUAV to help escape the immune system, the application of using 

glycan masking to aid in vaccine design shifts the immune response from specific 

epitopes to others or add focus on a specific epitope89,220,221. Both approaches aid in 

broadening the immune response and can alter the number of total antibodies 

elicited166,218. Additionally, glycan masking was utilized to develop the Neutralizing 

Immunogenicity Index (NII) which is utilized to quantitatively differentiate between 

epitopes with a strong therapeutic response from the weak responses and how they 

contribute to viral neutralization166.    

Influenza databases, such as SWISS-PROT, Protein databank (PDB), and 

GlycoSHIELD to name a few, are a good basis of using genomics to aid in targeting N-

linked glycosylation sites for vaccine research190,192,218,222–224. The additional benefit is 

how one can store genomic and proteomic data produced in their lab and share it with the 

community especially if it is linked to a reference viral database217. However, for the data 

to be useful it must be high quality and labeled225. With a glycomics analysis and 

structural mapping, FLUAV HAs specifically from human pandemic viruses H1N1 and 

H3N2 had substantial amount of high-mannose N-linked glycans in the HA head 

compared to the minor amount in avian HA stem domains194,226.  Certain high mannose 

N-linked glycosylation sites, especially those near well conserved the receptor binding 

site (RBS) in the HA head were more prone to mutate and impact antigenic drift 158. The 

high mannose glycans can be selectively labeled using a mannose selective lectin and 

used for detection of the HA glycoprotein in glycan microarrays 158,226.  
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In 2014 a group of scientists in the glycobiology community published a standard 

for the minimum information required for a glycomics experiments (MIRAGE) for LC-

MS based data227. The MIRAGE requirements are to report the general features, the 

description of columns used, the mobile phase, the properties of the column run, the pre-

and post-run processes, and the outputs obtained227. The requirements also state that the 

ion source conditions along with the software tools utilized for data analysis need to be 

included200,227. Later guidelines were added for reporting the sample preparation and 

microarray-based data198. 

Data analysis of structural proteins and RNA of different FLUAV strains has led 

to researchers focusing their attention from N-linked glycosylation in the HA head 

domain to the more conserved areas of the HA stalk and NA as a vaccine target220,228–231. 

The N-linked glycosylation on FLUAV HA stem has a role in protein folding and fusion 

meaning those sites are highly conserved and a prime therapeutic target168,191,226. Machine 

learning can also be used to aid in finding conserved sites and predicting N-linked 

glycosylation sites in FLUAV from sequences retrieved from the influenza 

database207,232,233. This bioinformatics machine learning data has the potential to be a 

rapid method for pre-vaccine assessment and utilized to create a universal influenza 

vaccine design218,234,235.  
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CHAPTER 4: Potential Impacts  

4.1 In research and industry  

The continued pursuit of understanding FLUAV N-linked glycosylation and 

sharing the data can aid in better recognition of finding a vaccine target 236. Additionally, 

research into N-linked glycosylation’s impact on FLUAV evolution, antigenicity, and 

immunology has led to labs looking into overlooked sites and molecules like the HA 

stem, the NA glycoprotein, monoclonal antibodies against N-linked glycosylation, and 

different forms of N-linked glycosylation like monoglycosylated, to try to develop an 

effective and broadly protective influenza vaccine188,237,238. Advancements in 

technologies, like HPLC, MALDI-TOF-MS, and deglycosylation reagents, such as Endo 

H, Endo F, and PNGase F, have highly influenced the amount of structural information of 

glycosylation that can be attained72,73,198,202. Additionally, better access and organization 

of the glycomics databases aids in finding targets, like with glycan masking epitopes, 

especially if there is a pipeline that makes for quick analysis of sequence data211,239. The 

ease of access to the information gives collaborators better access to share and discuss 

while also consolidating resources across research and industry211,233,240,241. As more 

methods are being upgraded and made to better research and analyze the N-linked 

glycosylation of FLUAV in both research and industry the field of glycomics will have 

better tools for predicting, preparing, and producing therapeutics for when an FLUAV 

pandemic like strain appears112,242.  

4.2 Benefits for the public 

Advancements in the field of glycomics not only aid in general scientific 

knowledge in the field but also impacts the public. With access to journals, talks, and 

science communication events dissemination of the educational knowledge from the 
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research to the public about glycosylation and the process of targeting therapeutics and 

vaccines using the knowledge attained from the N-linked glycosylation studies in 

FLUAV78,236. The science literacy of the public is important to foster as development and 

utilization of a broadly effective and long-term protective Influenza vaccine against 

seasonal and potential pandemic like influenza strain 242. As research advances it is 

important to make sure the public understands the importance of prevention measures for 

influenza seasonal infection and pandemic-like strains.  
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CONCLUSIONS 

As FLUAV evolves, it mainly circulates in humans, avian, and swine, and the N-

linked glycosylation site addition and swapping of sites leads to a change in 

immunogenicity and antigenicity of FLUAV. The HA and NA glycoproteins on the 

surface of the FLUAV envelope are where these antigenic sites are located and where N-

linked glycosylation impacts antigenicity. Finding out and knowing the type and glycan 

site occupationally percent of the N-linked glycosylation on HA and NA can aid in 

antigenic drift and impact the transmissibility of FLUAV within species and across 

species, like avian to human. Observing the current influenza vaccine pipeline, there are 

many efficient ways vaccine development can be improved, and the timeline is fastened 

to accommodate changes within the influenzas season. Utilization of bioinformatics, 

databases, and improvements in the glycomics field of influenza has helped in 

understanding N-linked glycosylation function and structure while also aiding in finding 

influenza vaccine therapeutic targets. With more research and innovation in the field of 

glycomics it can advance the development of making a long lasting broadly protective 

influenza vaccine and help monitor for an emerging pandemic-like influenza strain.   
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