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ABSTRACT 

 Currently, there are no influenza vaccines for infants under six months of age due 

to the inability of inactivated influenza vaccines to elicit an antibody response in this 

population. Influenza vaccines have historically focused on generating antibody to the 

influenza protein hemagglutinin (HA). Recently, influenza researchers have evaluated 

inhibition of another protein, neuraminidase (NA). Inactivated influenza vaccines are 

thought to be inefficient at eliciting an NA-specific antibody response. In this study, we 

sought to understand the newborn’s ability to mount an antibody response to NA. Using an 

infant African green monkey model, we measured the production of neutralizing antibody 

to NA after vaccination with an inactivated PR8 H1N1 influenza virus (+/- adjuvant), live 

H1N1 virus, or a combination of vaccination and challenge. We determined that while 

infants can mount an antibody response that is capable of inhibiting NA activity after viral 

infection, they do not reliably generate antibody capable of recognizing NA following 

vaccination. Importantly, we found that virus-specific responses generated to non-NA 

targets as a result of vaccination did not interfere with the ability to mount an NA-specific 

antibody response to a subsequent viral challenge. Building an understanding of the ability 

of the neonatal immune system to respond to individual influenza proteins is an essential 

step in developing effective vaccines for this at-risk population.
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INTRODUCTION 

Infants are one of the most susceptible populations to contracting a respiratory 

virus infection, especially from influenza virus. Protecting infants from influenza virus 

infection has been a main goal of researchers and health care workers for most of modern 

medical history. For our study, we focused specifically on Influenza A viruses (IAV). 

The CDC considers IAV to be a particularly pathogenic influenza virus family. These 

viruses typically infect humans during seasonal influenza outbreaks, and can be life-

threatening. IAV subtypes H1N1 and H3N2 were responsible for most of the human IAV 

infections in the 2018-2019 season, and in 2009 a pandemic strain of H1N1 caused 

between 151,700 and 575,400 deaths in the first year of circulation (cdc.gov). The most 

striking difference between this IAV strain and others was the effected demographic, 

with 80% of deaths estimated to be in people under 65 years of age. This is a stark 

contrast from typical seasonal influenza statistics, with around 70-90% of deaths being in 

those over 65 years of age. Infants under 6 months of age are also especially vulnerable 

to influenza virus infection and related disease. Influenza virus infections are known to 

cause severe damage in the respiratory tract epithelium as well as the lungs, leading to 

pneumonia in more extreme cases (1). Typical influenza infections can be asymptomatic 

in infants due to maternal antibody protection, but during pandemic strain outbreaks 

infants are at higher risk for significant mortality (2). These infants are especially 

vulnerable to rapid onset of fever and symptoms similar to upper respiratory tract 

infections.  

IAV is a member of the Orthomyxoviridae family of viruses and has a segmented 

negative-sense ssRNA genome. IAV gains entry into host cells though hemagglutinin 
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(HA) binding to sialic acid on the cell surface. HA is the protein responsible for 

attachment and entry of the virus into the host cell (3). Viral RNA is then trafficked to the 

cell nucleus, where viral RNA synthesis occurs. The IAV genome is separated into 8 

segments that must be replicated and transcribed to form ten essential viral proteins, as 

well as accessory proteins. Newly replicated viral genome segments are associated with 

viral nucleoproteins and exported from the nucleus so that they may assemble near the 

plasma membrane. The assembled nucleoproteins are joined with membrane proteins, 

before budding out of the cell membrane. The newly formed viral particle is then released 

by the sialidase activity of NA.  

 

Antibody to influenza virus 

Antibody capable of inhibiting the two most prevalent and accessible surface 

proteins is the host’s best defense against influenza infection. The surface protein 

subtypes of influenza are important in determining the antigenicity of an influenza virus 

strain. Strains of influenza are named based upon which types of HA and NA they 

possess, as well as the strain type and location and year that the virus was first isolated. 

The IAV strain we are using is A/Puerto Rico/8/1934 H1N1 (PR8), so it possesses type 1 

HA and type 1 NA. The current gold standard for protection from viral infection is 

vaccination. Influenza vaccines are a successful method of protecting the population from 

seasonal influenza virus infection. These vaccines impart immunity mainly by generating 

antibody that targets the influenza virus surface protein HA. Generating HA-inhibiting 

antibody is crucial in stopping viral infection of host cells and subsequent replication. HA 

is a trimer of identical subunits, with each monomer containing a receptor-binding site 
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located in the head region that recognizes sialic acid.  Unfortunately, the HA protein is 

subject to seasonal antigenic drift. This antigenic drift occurs mainly in the globular head 

of HA near receptor binding sites, which has been shown to contribute to virulence in 

pandemic strains (S. J. Gamblin and J. J. Skehel (3)). Each flu season, the antigenic 

specificity of the prevalent HA subtype undergoes enough variation to either completely 

evade memory antibody or weaken its ability to bind to HA active sites and neutralize 

binding. Due to antigenic drift of the HA head and its antibody binding sites, more 

research has recently been conducted on the HA stem. Generating antibody to the stem 

region of HA may lead to breakthroughs in building immunity through vaccination that 

lasts from year to year. Studies have shown more cross reactivity between HA subtype 

stems (4). While this is a promising breakthrough, it is important to always be searching 

for other avenues of solving problems.  

Another potential method of improving vaccines is increasing their efficacy in 

generating antibody to NA. As stated above, NA is an enzyme that cleaves sialic acid on 

the host cell surface, allowing newly formed virions to be released from the cell surface. 

Without neuraminidase activity, sialic acid would maintain its binding to hemagglutinin, 

halting the release of influenza virions. There are currently anti-viral drugs on the market 

that can inhibit NA such as oseltamivir (Tamiflu), which inhibits NA by blocking its 

sialidase activity, causing the aggregation of viral particles on the cell surface.  

NA has not been specifically targeted in vaccine design because it is less 

prevalent than HA on the surface of the virion. It is estimated that on an average 

influenza virus surface, there are 300-400 HA molecules and only 40-50 NA molecules 

(5). Although NA is not present in equal quantity on the viral surface, as described above 
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it plays an important role in the viral life cycle. There is evidence that NA also 

contributes to escape from innate host defenses by cleaving decoy sialic acids in 

respiratory tract mucus layers (6). Cohen et al showed in a model using human salivary 

mucins that NA was able to cleave mucins derived from the upper respiratory tract. They 

also observed a protective effect when an NA inhibitor, oseltamivir, was added.  Some 

studies also suggest that NA may have a lower frequency of antigenic drift than HA, 

which would allow for greater antibody recognition from season to season. It has also 

been shown that anti-NA antibodies have potential for cross reactivity between NA 

subtypes (7), making it a good target for circulating antibodies to recognize over 

successive years. While inhibiting NA does not stop the host from becoming infected, it 

does keep viral particles from spreading to new cells. Anti-NA antibody does not 

decrease viral load once the host has been infected, but it has been shown to lessen virus-

related damage in the lungs (8). 

 

The infant innate immune system 

Current influenza virus vaccines are not approved for infants under 6 months of 

age as a result of the inability to induce a potent immune response. This is thought to be 

the result of differences in the infant and adult immune systems. Before we can develop 

an effective vaccine for infants, it is important that we understand the capability of this 

vulnerable population to generate antibody. Currently, less is known about the newborn 

response to influenza virus infection as well as inactivated virus vaccines than is known 

about the adult response. We know that their overall immune response is weaker than that 
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of adults, but antibody specificity to individual influenza virus proteins has not been fully 

elucidated.  

The innate immune system plays a large role in slowing initial viral infection. 

Recognition of pathogens such as IAV is dependent upon pattern recognition receptors 

(PRRs). These include toll-like receptors (TLRs), retinoic acid-inducible gene I (RIG-I) 

receptors, and nucleotide-binding oligomerization domain (NOD) receptors (9). 

Intracellular viral RNAs are recognized by TLR3, 7 and 8, which are located in the 

cellular endosome. Recognition of ssRNA by TLR7 and TLR8 and subsequent 

recognition of dsRNA during viral replication by TLR3 drive the production of pro-

inflammatory cytokines such as tumor necrosis factor (TNF), and interleukins (IL)-6 and 

12 (10). In addition to TLRs, macrophages and dendritic cells (DCs) in the respiratory 

tract can detect cellular injury and viral infection via NOD-like receptors (NLRs). 

Recognition of cellular injury and microbial invasion by NLRs drives the formation of 

the inflammasome by producing IL-1 and IL-18 (11). It is suggested that the influenza 

virus proton channel protein, M2, can trigger inflammasome production on its own (12). 

Formation of the inflammasome is an important contributor to limiting mortality in 

infants, as it leads to the induction of neutrophil activation and macrophage recruitment 

(13); however, if it functions in excess, the subsequent inflammation can be damaging to 

the host. This outcome is typically seen in the case of secondary bacterial infections, 

which are typically tied to IAV-related mortalities and correlate with hyperimmune 

responses (14). It has also been shown in a ferret model that excess (IL)-6 production in 

infants correlates with increased symptom severity during influenza virus infection (15). 
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The combination of these innate immune responses work to alert to the host to viral 

infection, but are typically incapable of solely clearing an influenza infection in infants.  

 

B cell responses to viral respiratory infections 

In a typical respiratory virus infection, the first line of antibody response is the 

presence of natural antibody such as IgM (16). B-1 cells produce this antibody even in 

the absence of an infection. However, these natural antibodies exist in relatively low 

levels and only work to slow the infection, rather than completely neutralize the virus as a 

result of binding to the enzyme active site and blocking recognition of the target antigen. 

Influenza virus-specific antibody secreting B-2 responses take longer to generate, since 

they must undergo a highly regulated process of activation and proliferation in order to 

produce high affinity virus-specific antibody. In the first 2-3 days post infection, antibody 

secreting cells are produced via either T-cell independent or T-cell dependent methods in 

an extrafollicular response (17). A portion of activated B cells presenting viral antigen 

move to the T cell zone where they can recruit T cell help, promoting proliferation and 

triggering germinal center formation. In the germinal center, B cells undergo a process 

called somatic hypermutation, which generates B cells with high-affinity 

immunoglobulin via mutations in their genetic code (18).  The germinal center reaction 

eventually generates long lived plasma cells and memory B cells. This process occurs 

later in the infection, but is responsible for creating lasting immunity to infectious agents. 

Having memory B cells stored in the immune memory repertoire allows for a rapid 

response to a secondary antigen exposure.  
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Barriers to generating an effective influenza virus vaccine for infants 

In the case of vaccination, generating an extrafollicular response is important, but 

the main goal is the production of long-lived plasma cells and memory B cells, so that the 

host will be able to mount a quick, specific antibody response to the virus when they next 

encounter it. The infant immune system is impaired when it comes to antibody 

production. Up to six months of age, newborns receive some level of protection as a 

result of maternal antibody passed to them from their mothers (19). These antibodies are 

typically the IgG isotype, and function to protect infants for the first months of life. Other 

antibodies such as IgA and IgM are passed to newborns through breast milk, providing 

mucosal protection (20). While maternal antibody is important in protecting newborns, it 

is neither long lasting nor specific to changing seasonal pathogens such as influenza 

virus.  

Thus, a major challenge is finding a way to stimulate the infant immune system to 

produce anti-influenza antibodies. The field currently knows that infants struggle to 

mount a specific B cell response following infection. Studies have shown that infant B 

cells have reduced expression of some receptors required for activation by T cells, such 

as CD40 (21), which likely contributes to ineffective production of antigen specific 

antibody.  

The lion’s share of knowledge about the infant production of antibody has been 

elucidated through mouse models. Mouse models are widely used for immunological 

studies due to their low cost and wide availability. Knockout mice can be genetically 

altered to express certain immunologic elements, such as defects in T cell activation 

pathways (22), so that they may be studied in an effective manner. From mouse models 
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we have gained an understanding of antibody-antigen interaction (23), insight into MHC 

genes (24), and insights into lymphoid differentiation. However, the mouse model has its 

limitations. For example, there are discrepancies between the expression of Ig isotypes 

(25). Mice also have shown different immune cell development patterns than humans, 

such as incomplete T cell selection at birth, when human infants are shown to have a 

mostly complete T cell repertoire. Furthermore, mouse lung development lacks 

similarities to human development, specifically in cell phenotypes that arise (26). Other 

animal models such as non-human primate (NHP) models better mimic these differences 

in development (27). Since NHP models also parallel the infant immune development of 

humans, specifically levels of T and B cell subsets as well as frequency of some innate 

immune cells (28), we used an African green monkey (AGM) model to study the 

newborn antibody response to NA.  

Studying viral infection in a NHP model allows us to better understand the 

immune response in an infant to a respiratory virus such as IAV. Our previous studies 

with AGM newborns and infection have shown that infants develop more severe lung 

pathology than adults. This has been attributed to lower levels of IgG in the respiratory 

tract, potentially due to a lack of bronchus-associated lymph tissue (BALT) (29). This 

study also showed that infants had lower titers of neutralizing antibody in the respiratory 

tract to influenza after exposure to the virus. However, it was observed that infants are 

able to generate similar titers of systemic anti-influenza IgG.  

In the study presented here, we aim to provide a better understanding of how 

infants respond to the influenza virus protein neuraminidase. We believe that with more 

insight into how infants respond to NA in the context of vaccination and infection, we 
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will be a step closer to understanding the infant immune response, and therefore to 

generating a protective vaccine for those under 6 months of age. 
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MATERIALS AND METHODS 

Animals 

Samples used were from our previously published study (30). African Green 

Monkey (AGM) infants used in this study were housed at the Vervet Research Colony at 

Wake Forest School of Medicine. Infants were either mother-reared or raised in a nursery 

setting. Mother-reared infants were housed in social groups of 15-20 individuals with 

access to spaces both inside and outside. All animal protocols were approved by the 

Institutional Animal Care and Use Committee and Wake Forest School of Medicine. 

WFSM animal care and use protocol adhered to the U.S. Animal Welfare Act and 

Regulations. 

 

Influenza A/PR/8/34 (H1N1) 

A/Puerto Rico/8/34 (H1N1) (PR8) virus was purchased from Charles River 

Laboratories International, Inc. Virus was propagated in SPF eggs in the allantoic cavity. 

Clarified allantoic fluid was concentrated and re-suspended in HEPES-Saline and layered 

on a sucrose gradient. The interface band was diluted, pelleted and re-suspended in a 

minimal volume of HEPE-Saline. The protein concentration was determined using a Bio-

Rad colorimetric protein assay. 

 

Infection 

 Adult African green monkeys (6–9 years old) were sedated with 10–15 mg/kg 

of ketamine. Infants (6–10 days old) were sedated with 2–5% inhalant isoflurane. Adults 

received 5×109 EID50 of PR8 and infants received 1×109 EID50 (one of the infants 
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received 1×108 EID50). The dose was delivered equally between the intranasal (i.n.) and 

intratracheal (i.t.) routes. Adults received 1.0 ml i.t. and 1.0 ml i.n. (0.5 ml per nostril). 

Infants received 0.25 ml i.t. and 0.25 ml i.n. (0.125 ml per nostril). On each sampling 

day, adults and infants were sedated. Blood was collected in sodium heparin tubes 

by venipuncture on d8 and d14 post-infection. Plasma was obtained by centrifugation 

and PBMC subsequently isolated using Isolymph. 

 

Vaccination 

Infants (4–6 days of age) were vaccinated with 45μg of 0.74% formaldehyde 

inactivated PR8 (IPR8),  R848 conjugated virus (IPR8-R848) in the presence or absence 

of 10μg of flagellin (flg) or with IPR8 mixed with the same amount of an inactive 

flagellin (m229) (31). All injections were delivered intramuscularly in the deltoid muscle 

(500μl volume). Animals were boosted 21 days later. Control animals received PBS. 

Seven infants received IPR8-R848, seven received IPR8-R848+flg, four received 

IPR8+m229, and three received PBS. 

The R848 conjugated virus was prepared as previously described (32). Briefly an 

amine derivative of R848 (heretofore referred to as R848) was linked to SM(PEG)4 

(Thermo Scientific) by incubation in DMSO for 24h at 37°C. R848-SM(PEG)4 was then 

incubated with influenza virus that had been reduced to generate free thiol groups (IPR8-

R848). Unconjugated R848 was removed by extensive dialysis. This construct was then 

inactivated by treatment with 0.74% formaldehyde overnight at 37°C, followed by 

dialysis. Successful conjugation was assessed by differential stimulation of RAW264.7 

cells (Wake Forest Comprehensive Cancer Center Cell and Viral Vector Core 
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Laboratory) following incubation with similar amounts of R848 conjugated versus non-

conjugated vaccine.  

Flagellin from Salmonella enteritidis was prepared as previously described (31). 

Briefly, E. coli BL21 (DE3) containing a pet29a::fliC encoding wild type flagellin or the 

truncated pet29a::229 encoding only the biologically inactive hypervariable region of 

flagellin ((31), (33)) were grown and lysates prepared in 8 M urea. Proteins were purified 

on Ni-NTA agarose (Qiagen) according to the manufacturer’s protocol. Endotoxin and 

nucleic acids were removed using an Acrodisc Mustang Q capsule (Pall Corporation). 

Purified proteins were extensively dialyzed against PBS.  

 

H6N1 chimeric virus 

The Enzyme Linked Lectin Assay used a chimeric H6N1 virus to measure NA 

inhibiting antibody. The H6N1 virus containing the NA gene of A/PR/8/34 was 

constructed using plasmids kindly received from St Jude Children’s Research Hospital 

(Memphis, TN) in the laboratory of Maryna Eichelberger (CBER, FDA). Aliquots were 

stored at – 80C after inactivation with beta-propiolactone. 

 

Enzyme Linked Lectin Assay (ELLA) 

The Enzyme Linked Lectin Assay protocol was adapted from a protocol 

previously established by the Maryna Eichelberger lab (34). Briefly, 96-well plates 

(ThermoFisher, Nunc #269620) were coated with 100µl of fetuin (Sigma, product 

#F3004) diluted to 25µg/ml. The plates were incubated at 4°C overnight. The next day, 

the plate was washed 3 times with PBS + 0.05% tween (PBST). Samples were serially 
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diluted in PBS + 0.01g/ml BSA + 0.05% Tween across the plate. Virus was added at a 

dilution previously determined to result in 90% total NA activity. The plates were 

subsequently incubated at 37°C for 18hrs. Plates were washed 6 times and PNA-HRPO 

diluted in PBS + .01g/ml BSA was added at a 1:500 from the stock solution and 

incubated at RT for 1 hour. The plates were washed 3 times, developed with UltraTMB 

(Thermo catalog #34029) for 5 minutes, stopped with 2N H2SO4, and read at 450nm. The 

limit of detection for plasma samples was a 1:20 dilution, and the limit of detection for 

BAL samples was 1:5. The results were used to determine a 50% endpoint titer (IC50) 

using the formula 100 x (ODvirus control only - ODtest sample)/ ODvirus only control. Values were 

log2 transformed. Those below the limit of detection were assigned a value of 1 for 

statistical analysis which was performed using GraphPad Prism software. 

 

H5/H1N2 virus 

A chimeric virus with HA consisting of an H5/Vietnam/04 head and an H1/PR8 

stem and the N2 neuraminidase from A/Udorn/72/H3N2 was kindly provided by Dr. 

Jonathan Yewdell’s lab at the NIH and was used to determine NAI activity provided by 

anti-HA stem antibody present in the plasma.  

 

Capture ELISA to detect NA  

An ELISA was designed to detect specific anti-NA antibody. We attempted to use 

rNA from outside sources, but were unable to find a purified protein that was reliably 

detectable by our anti-NA mAb and in a high enough amount to use for multiple samples. 

We decided to try and use a capture ELISA to detect anti-NA antibodies. 96-well plates 
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were coated with the anti-HA antibody CR-9114 diluted in 1X PBS. Plates were 

incubated overnight at 4°C, before being washed 3x using PBST (PBS + 0.1% Tween). 

Chimeric H6N1 virus was added to the plates at a 1:1280 dilution (previously determined 

to show optimal NA activity) or PR8 was added at 1µg/well. Plates were incubated at RT 

for 1 hour before being washed 3x with PBST. Infected AGM plasma samples, mAb, and 

naïve samples were added to the plates at different concentrations diluted in sterile PBS. 

The plates were incubated for 1 hour at RT before being washed 3x with PBST. HRP-

tagged anti-NHP secondary antibodies were added to some wells, and HRP-tagged anti-

mouse secondary antibody was added to wells with the mAb or as a negative control for 

NHP wells. Secondary antibodies were incubated for 1 hour at RT and then plates were 

washed 3x with PBST. TMB was added to the plates for 30 minutes and the reaction was 

stopped with 2N H2SO4. Plates were read at 450nm and the data was analyzed using 

GraphPad Prism. After several rounds of quality control, we decided that this approach to 

the assay was prone to results that were not reproducible, and thus not an efficient 

method to find our answer. Therefore, we elected to try a cell-based ELISA to measure 

total antibody to NA.  

 

 

Cell-Based NA ELISA 

For the cell-based ELISA, 96-well round bottom plates (Thermo-Fisher #262162) 

were treated with 100µl/well Poly-d-Lysine (Sigma, #A-003-E) diluted in sterile DI H20 

at a concentration of 50µg/ml. Plates were incubated for 1hr at 37°C, solution was 

removed and plates air dried before being stored at 4°C for use in the assay.  
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An A/Puerto Rico/8/1934 H1N1 (PR8) NA plasmid (pCAGGS-NA) was 

generously provided by Dr. Jonathon Yewdell (NIH).  The plasmid was produced in 

DH5α E. coli.  In preparation for the assay, Human embryonic kidney (HEK) cells 

(ATCC CRL-1573) (HEK293) cells were grown to ~80% confluence, then split and 

seeded into the 96 well fetuin-coated plate at a concentration of 25,000 cells/well. 

Twenty-four hours later, the cells were transfected in OptiMEM media using 

Lipofectamine 2000. Cells were incubated for 5 hours at 37°C, media removed and 

DMEM with 7% FBS added. Cells were cultured for 48 hours. Following culture, cells 

were then fixed with glutaraldehyde and washed with PBS. As a control, a parallel 

culture was harvested and expression of NA confirmed by flow cytometric analysis. The 

fixed plates were blocked with DMEM + 7% FBS for 1 hour, the media was removed and 

samples added. The samples were incubated for 1 hour at 37°C before being washed with 

PBS + 0.1% Tween (PBST). Anti-NHP IgG (43R-IG020HRP, Fitzgerald) or biotinylated 

IgA (MCA2553B, AbD Serotec) was added and incubated for 1 hour and the plates 

washed 1x with PBST. The chromogenic substrate TMB was then added for 10 minutes, 

stopped with 2N H2SO4, and the plates were read at 450nm.  
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CHAPTER I: Establishing the Enzyme Linked Lectin Assay  

This assay, developed by the Dr. Maryna Eichelberger, was brought into the 

Alexander-Miller laboratory for this project. This has been reported to be a relatively 

straightforward assay which determines neutralizing capability of samples in a routine, 

reproducible manner. However, this assay required several rounds of troubleshooting and 

quality control for use in our laboratory.  

First, HRP-tagged peanut agglutinin (Sigma #L7759) was solubilized with 1X 

PBS at a concentration of 1mg/ml. The solution was split into 5µl aliquots and stored at -

20°C until used. An ELLA was set up to determine the dilution of PNA-HRPO that gave 

a maximum signal that was >10x the assay background. The purpose of PNA-HRPO in 

this assay is to serve as a galactose-binding lectin. When the sialidase activity of NA is 

present, terminal sialic acid from the fetuin glycoprotein coated on the plates is cleaved. 

Addition of the PNA-HRPO shows a color change when bound to exposed galactose on 

the plate. When antibodies are able to inhibit NA activity, galactose is not exposed, 

corresponding to a lack of color change upon addition of chromogenic substrate. Briefly, 

a 96 well plate was coated with 25µg/ml fetuin and incubated O/N. The next day, the 

plate was washed 3x with PBST. Then, chimeric H6N1 virus was diluted 1:10 in sample 

diluent and added to six rows in the first column of the plate before being diluted serially 

twofold. The plate was incubated for 18hrs at 37°C. Then, the plate was washed 6x with 

PBST. PNA-HRPO was diluted at either 1:500, 1:750, or 1:1000 before being added to 

duplicate rows. The plate was incubated at RT for 1 hour before being washed 3x with 

PBST. UltraTMB was added and developed in the dark for 5 minutes before being 



17 

 

stopped with 2N H2SO4. The plate was read at 450nm. Titration OD values were graphed 

using GraphPad prism and the optimal dilution of 1:500 was determined (Fig. 1a).  

Once the optimal dilution of PNA-HRPO was determined, the optimal virus 

dilution had to be found. This was a similar process, but required the PNA-HRPO 

dilution to be established first. H6N1 virus provided by Maryna Eichelberger’s lab was 

titrated using the ELLA to determine the dilution which gives 90% maximum NA 

activity. Briefly, 96-well plates were coated with fetuin (Sigma, product #F3004) diluted 

to 25µg/ml. The following day, sample diluent was added to a 96-well plate and H6N1 

was added in duplicate to the first column at a 1:10 dilution. Virus was then serially 

diluted twofold across the plate. The plates were incubated at 37°C for 18 hours. The 

plates were washed 6x with PBST (PBS + .05% Tween) and then patted dry. PNA-HRPO 

solution was added at 1:500 (previously determined) and incubated at RT for 1 hour. The 

plates were then washed 3x with PBST and UltraTMB solution was added for 5 minutes 

until being stopped with 2N HsSO4. Plates were read at 450nm and data was analyzed 

using GraphPad Prism. OD was plotted at each dilution, and the dilution that gave 90% 

of the maximum enzymatic activity of NA was determined (Fig. 1b).  

 To assess the presence of inhibitory antibody, we used a sample obtained from an 

infected adult animal. This animal was shown in prior experiments to have a high anti-

PR8 antibody titer and HA-neutralizing abilities. We tested this animal along with a mAb 

positive control and naïve serum as a negative control. Once it was established that this 

plasma sample gave a reproducible NA-inhibition curve, we used it in all further ELLAs 

as a positive control. For every subsequent assay, if our positive control was within a 

twofold dilution of its original IC50, we considered those results to be accurate. If the 
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positive control was more than one twofold dilution from its initially documented IC50, 

that assay was repeated. We saw over many rounds of ELLAs that this sample remained 

consistent and reproducible, making it an extremely useful tool to have on hand in the 

lab.  
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Figure 1. Optimizing the Enzyme Linked Lectin Assay (ELLA) 

To set up the ELLA, optimization of reagents was performed. (a) First, the optimal 

dilution of PNA-HRPO was determined by serially diluting virus and adding PNA-HRPO 

in duplicate at 3 different dilutions. The dilution which gave a maximum that was >10x 

the assay background (BG) was chosen. (b) H6N1 was serially diluted twofold to 

determine the dilution which gave 90% total NA activity.  
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CHAPTER II: Analysis of the newborn AGM response to NA 

 

Newborn African green monkeys produce inhibitory antibody against NA following 

infection with influenza A virus. Previously, little was known about the infant response 

to live viral challenge. However, through our infant AGM model, we were able to assess 

how naïve infants responded to challenge with influenza virus. Four infants (6-10 days of 

age) were inoculated with either 1x108 (3 infants) or 1x109 (1 infant) EID50 H1N1 PR8. A 

cohort of four adults (aged 6-9 yrs) was also infected (5x109 EID50 PR8). Blood was 

sampled at d8 post infection (p.i.) and the animals were taken to necropsy at d14 p.i. We 

tested for the presence of NA inhibiting (NAI) antibodies in animals at both time points 

using the Enzyme Linked Lectin Assay (ELLA). All animals had readily detectable levels 

of inhibitory antibodies (Fig. 2a). No significant difference in 50% endpoint titers (100 x 

(ODvirus control only - ODtest sample)/ ODvirus only control) was detected in infants versus adults at 

either time point (Fig. 2). Of note, we were unable to test one of the infants at d8 p.i. due 

to absence of sample.  

We next assessed the bronchoalveolar lavage sample obtained from the infants 

and adults at d14 p.i. (Fig. 2b). NAI were detected in the BAL of all four of the newborn 

animals and 3 of 4 adult animals. These data show that newborns generate inhibitory 

antibodies to influenza that are present in circulation and in the lung.  
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Figure 2. Infant AGMs generate antibodies capable of neutralizing NA activity 

following infection with influenza virus. Infant and adult AGMs were infected with 

PR8 influenza virus at 6-10 days or 6-9 years of age, respectively. Their ability to 

neutralize NA activity was tested via ELLA at d8 (a) and d14 (b) p.i. for plasma antibody 

and at d14 p.i. for BAL antibody (c). Results were log2 transformed.  The dotted line 

represents the limit of detection (LOD) for the assay.  
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A portion of newborns vaccinated with IPR8 vaccines make antibody with NA 

inhibiting activity. Before testing the infant anti-NA antibody response to the vaccines, 

we wanted to determine if the inactivated vaccine had detectable NA activity. To do this, 

we compared formalin inactivated PR8, heat inactivated (HI) PR8, and the conjugated 

formalin inactivated IPR8-R848 to regular PR8 using the ELLA. Samples were added to 

the ELLA starting at a concentration of 2µg/well and diluted twofold across the plate. 

The ELLA was then carried out similarly to the protocol for Fig. 1b. Results are shown as 

viral concentration plotted against OD. 
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Figure 3. Formalin inactivated PR8 has reduced NA activity compared to live PR8. 

PR8, IPR8, IPR8-R848, and heat treated PR8 were tested for NA activity in the ELLA. 

Heat inactivation was performed by placing virus at 56°C for 1 hour. 
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Vaccination with inactivated PR8 is rarely able to elicit a neutralizing antibody 

response in infants. We next assessed the ability of infants to generate antibodies with 

NA inhibiting activity as a result of vaccination. For these studies we used two groups of 

newborns animals. One group was mother reared and the other were raised in a nursery 

setting. Newborn AGM were vaccinated with IPR8 alone or adjuvanted with flagellin, 

R848, or the combination of the two. One group received PBS as a non-vaccinated 

control. Vaccine adjuvants were chosen to represent different TLR agonists. Flagellin 

(flg) is a TLR5 agonist, shown to potentially enhance T and B cell responses. R848 was 

used in a conjugated form, i.e. it was directly linked to the viral particle. R848 is a 

synthetic ssRNA modified to allow conjugation through a free amine and is a potent 

TLR7/8 agonist. A mutated flagellin (m229), which is incapable of activating TLR5, was 

delivered with IPR8 as a non-adjuvanted vaccine. The animals were vaccinated and 

boosted 21 days later. Blood was taken at day 1 following primary vaccination and d10 

and 21 following each vaccination.  

ELLA was performed using plasma samples obtained at d21 post boost (p.b.). The 

majority of animals did not have antibody that was capable of inhibiting NA activity. We 

did not observe significant differences between the mother-reared and nursery-reared 

animals (Fig 4a). While there were five animals with a measurable inhibition titer, they 

did not correspond to the vaccine administered or the sex of the animals.  

Antibodies to NA that are not capable of inhibiting enzymatic activity have been 

described (35). To determine whether this was the case in our vaccinated infants we 

measured NA-specific IgG in a subset of animals based on sample availability. NA-

specific IgG was not broadly detected in infants and where it was observed it correlated 
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largely with the detection NAI antibody. Thus, we determined that vaccination with IPR8 

does not efficiently induce NA-specific antibody in our newborn nonhuman primate 

model.  
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Figure 4. Vaccination of newborn AGM with IPR8 rarely elicits antibodies with NA 

inhibiting capability even in the presence of adjuvant. Plasma from newborn AGMs 

vaccinated with adjuvanted or non-adjuvanted IPR8 was evaluated at d21 p.b. by ELLA 

(a) or cell-based ELISA (b) to quantify NA inhibiting or total NA-specific IgG, 

respectively. Results were log2 transformed for clarity. The dotted line represents LOD 

for the assay. 
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The presence of pre-existing neutralizing antibody generated in response to 

vaccination does not impact the generation of NAI antibodies following challenge. 

Given the beneficial effects of NA-specific antibody in protecting from infection (36), we 

wanted to understand the effect of vaccine-elicited influenza-specific antibody on the 

generation of NAI antibody following infection. The nursery-reared newborns were 

challenged with PR8 to measure the protective capacity of the vaccine-elicited response 

(30). Animals were challenged on days 23-26 p.b. with 1010 EID50 PR8. Plasma obtained 

14 days post challenge was assessed in the ELLA and in the cell-based ELISA. 

Vaccinated and non-vaccinated (PBS) infants exhibited similar levels of NA inhibitory 

(Fig. 5a) or anti-NA (Fig. 5b). 
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Figure 5. Vaccine elicited antibody not affect the generation of NA neutralizing 

antibody following viral challenge. Previously vaccinated newborn AGMs were 

challenged with PR8 at days 23-26 p.b. Animals were tested using (a) the ELLA to 

determine NA neutralizing antibody levels and the (b) cell-based ELISA to determine 

NA-specific IgG. Results were log2 transformed. The dotted line represents the LOD for 

the assay. 
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Infant AGMs with a robust NA-specific antibody response rarely have a detectable 

response in the BAL. Effective neutralization and clearance of influenza virus is 

dependent antibody in the respiratory tract. Thus, we evaluated NA-specific responses in 

the lungs of challenged infants on d14 following infection, measuring both NA inhibiting 

antibody (Fig. 6a) and total NA-specific IgG (Fig. 6b). Here, we also measured NA-

specific IgA (Fig. 6c) given the important role of this mucosal antibody in influenza virus 

protection (37). In contrast to the results in the plasma, vaccinated infants had a reduced 

level of NAI antibody in the lungs compared to non-vaccinated animals (Fig. 6a). This 

was also reflected in the NA-specific IgG (Fig. 6b). No NA-specific IgA was detected in 

any animal (Fig. 6c). 

In some BAL samples obtained at d14 post challenge, we identified NAI activity, 

but no anti-NA antibody was detected. Thus we tested the potential for anti-HA stem 

antibodies to neutralize NA. This was assessed using a chimeric virus with an H5 head, 

H1 stem, and N2 neuraminidase. Anti-HA stem antibodies had been previously identified 

in these samples (38). The results showed that the low level of anti-stem antibodies was 

insufficient to neutralize NA activity without the presence of other antibodies, suggesting 

a limited contribution of HA-stem specific antibodies to NAI activity (data not shown). 
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Figure 6. A subset of vaccinated infants generates neutralizing antibody to NA in the 

respiratory tract after viral challenge. Vaccinated infant AGMs were challenged with 

PR8, and BAL samples taken 14 days post-challenge. Infants were tested for (a) 

neuraminidase inhibiting titers (NAI) and NA-specific IgG (b) and IgA (c) antibodies. 

Results were log transformed. The dotted line represents the LOD for the assay. 

*represents P =.0329  
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Antibodies to influenza viral proteins other than NA have the potential to inhibit 

NA sialidase activity. The ELLA is performed with a chimeric virus to limit antibody 

interactions with non-NA viral proteins. Given the reported ability of non-NA specific 

antibodies to impact NA enzymatic activity via steric hindrance (39, 40), we performed 

the ELLA with PR8, which allows for any PR8-specific antibody to modify NA activity.  

Plasma samples obtained d14 p.c. were tested. The results showed that in most of the 

vaccinated animals, plasma antibodies were able to neutralize NA similarly or more 

efficiently when presented with PR8. The PBS group, however, appeared to be more 

efficient when neutralizing NA in the H6N1.  However, due to small sample size and the 

variability among animals, we were unable to establish any significance from the results. 
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Figure 7. Antibody to influenza proteins other than NA can potentially contribute to 

NA neutralization. Vaccinated infants were tested at 14 days p.c. using the ELLA. Each 

animal was tested for its ability to inhibit the H6N1 chimera as well as PR8, and the 

resulting IC50 values were compared. 

  



33 

 

DISCUSSION 

Infant AGMs’ ability to neutralize NA. NA has long been overlooked in the context of 

influenza vaccine design. Due to its lower prevalence on the virion surface in comparison 

to HA, it has not been studied as comprehensively. However, in the past few decades that 

has begun to change. A better understanding of how hosts, especially infants, respond to 

NA is needed before improvements to influenza vaccines can be made. In this study we 

sought to gain a better understanding of the ability of an infant to generate systemic NA-

inhibiting antibody. Previous studies have shown that adult mice can generate these 

antibodies following infection, but these antibodies have yet to be found in infant mice 

(41). To our knowledge this has not been evaluated in a newborn NHP model. We first 

tested the ability of newborns NHP to generate antibodies with NAI activity following 

influenza virus infection. Adult responses were assessed in parallel. At both time points 

that were tested (days 8 and 14 p.i.), infant-derived antibodies were able to neutralize NA 

similarly to adults. However, at day 8 post infection, we noticed a slight trend towards 

more effective neutralization in the infant cohort. Since our cohorts were small, it was 

impossible to draw any significance from this, but in future studies it may provide an 

interesting insight into the infant immune response to rigorously test whether they may 

generate NA-neutralizing antibody quicker than adults. We conclude from these data that 

antibodies from infant AGM possess the ability to inhibit NA activity after exposure to 

live influenza virus on a scale comparable to that of the adult response.  

Once it was established that infants possessed the ability to generate NA-

neutralizing antibody, we decided to test whether these antibodies would be generated 

when infants were given an inactivated vaccine. First, we tested our vaccine using the 
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ELLA to establish that NA activity was present after inactivation and conjugation. Once 

it was known that the inactivated IPR8-R848 had detectable, although decreased, NA 

activity per µg of virus compared to live PR8, we hypothesized that the anti-NA response 

would be present, but reduced in vaccinated animals. However, we tested the animals at 

day 42 post vaccination (day 21 post boost) and saw that only a few animals were able to 

generate a detectable inhibiting response. This was surprising, considering the knowledge 

from pre-existing data on these animals that they generated strong responses to the virus 

following vaccination. This result leads us to believe that the vaccine drives 

disproportionate antibody production to the HA protein. This result is aligned with the 

finding that current seasonal inactivated influenza vaccines are designed to generate anti-

HA antibody. Without adding NA to increase its representation in an inactivated 

influenza virus, the HA protein will always be more prevalent. In a live viral infection, 

we would speculate that the difference is that as the virus replicates and spreads, there are 

more opportunities for NA antigen to be recognized by the host immune defense. With a 

low level of antigen, the immune system may be unable to effectively recognize NA and 

mount a response.  

Another hypothesis is that the NA response is driven more towards memory B 

cell generation. Previous studies measuring longevity of antibody to vaccines against N. 

meningitidis and diphtheria (42) showed that while antibody to these pathogens decreases 

rapidly post-vaccination, the presence of memory B cells is increased by 30 days p.v. m 

suggesting a preferential skewing towards the development of memory cells as opposed 

to long live plasma cells. Therefore, we speculate that infants unable to generate a 
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detectable NAI response to vaccination may develop a memory B cell response that we 

have yet to evaluate.  

To compare the effect of pre-existing antibodies present as a result of vaccination 

on the infant NA-specific immune response following viral challenge, we evaluated the 

vaccinated animals 14 days following challenge with influenza virus. We found that at 

d14 p.c., vaccinated infants had generated antibodies that were capable of inhibiting NA 

activity to a similar level to that observed for the non-vaccinated (PBS) infants. This 

result suggests that any pre-existing PR8-specific antibody produced as a result of 

vaccination did not impair the antibody response to a secondary virus encounter. Previous 

publications showed skewed immunodominance patterns as a result of prior vaccination 

against a specific influenza strain (43). However, it is important to note that in our study, 

animals were vaccinated and challenged with the same strain of influenza virus, whereas 

in other studies they were challenged with a different influenza virus strain.  

 In addition to circulating antibody, we measured antibody in the BAL to assess 

the presence of NAI antibody. It was interesting that some animals were able to generate 

a robust anti-NA plasma antibody response but did not have detectable levels of these 

antibodies in the BAL after viral challenge. Interestingly, we saw that the unvaccinated 

(PBS) group had statistically higher NAI titers than all vaccinated groups. This result 

suggests that the vaccine elicited recall response may be impeding or outcompeting the 

anti-NA antibody response in the respiratory tract. Previous studies have shown 

decreased anti-influenza IgG in the respiratory tract of infected infants (29), so it is 

unsurprising that antibody specific to NA would also be decreased. Due to time 

constraints, we were unable to measure infant antibody to NA in the trachea, but we 
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hypothesize that it would also be reduced in comparison to adult titers. Our result also 

tells us that circulating antibody production is not necessarily indicative of BAL antibody 

levels. Therefore, in an infant model, one cannot use plasma antibody to predict the 

magnitude of the antibody response in the respiratory tract. Together these data suggest 

infants have limited ability to generate NA-neutralizing antibody in the respiratory tract, 

even when they exhibit a robust NAI titer in circulation. Since we did not have a 

matching cohort of adult vaccinated NHPs, it would also be useful in future studies to 

vaccinate adults in parallel with the infants and look for a divergence in their immune 

response. We did test a small group of adults that were vaccinated with IPR8+m229. 

There were only 3 animals and none of them had detectable NAI antibodies at 21 days 

p.b.  

Once we had an understanding of infants’ ability to neutralize NA, we wanted to 

complete the picture by looking at their total NA-specific IgG antibody titers. We 

measured anti-NA IgG antibody and saw that in circulation, infants that had been 

challenged with live virus all had similar anti-NA IgG titers. While it is not possible to 

directly compare ELISA and ELLA titer values, the animals with higher NA-specific IgG 

had higher NA inhibiting titers as well. We noted that in a small number of vaccinated 

animals, anti-NA IgG was detected in the absence of measurable NAI activity prior to 

challenge. This is interesting, because it suggests that the immune response after 

vaccination is different than the immune response after infection because it produces 

antibody that is non-inhibitory. One hypothesis is that antibodies are generated against 

different epitopes on NA which are not inhibitory. Previous studies have isolated non-

neutralizing antibodies to H3N2 NA (35), so there is evidence of their existence. It would 
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be useful in a future study to isolate antibodies from vaccinated infants to test specifically 

for non-inhibitory antibody. When looking in the BAL at day 14 post infection or 

challenge, we noticed that some animals had a detectable anti-NA titer and some did not. 

This pattern corresponds with the neutralization assays, but when we looked at individual 

animals there were some discrepancies. We noticed a small subset of animals that had a 

measurable NA-inhibiting titer, but no measurable anti-NA IgG titer. First, we 

hypothesized that IgA in the respiratory tract was responsible for this inhibition, but after 

testing via ELISA we saw no detectable IgA titers in the infant BAL. Admittedly, our 

cell-based ELISA is not as sensitive as a typical ELISA, but regardless of this, any IgA 

that is below our ability to detect seems unlikely to be of biological significance.  

Given this result, we asked what else could be inhibiting NA activity in these 

infants. Our hypothesis was that these animals might have anti-HA stem antibodies. 

Based upon other studies (38, 39) we know that antibody to HA stem has the ability to 

sterically inhibit NA activity. We tested those animals against a chimeric virus with H5 

HA head, H1 stem and N2 NA. The purpose of this was to detect antibodies specific to 

the PR8 HA stem. It was previously determined that they do have a measurable anti-HA 

stem titer, albeit low (38). However, when we used this chimeric virus to test for NA-

inhibition titers, no animals were able to inhibit NA activity via anti-HA stem alone. We 

expected there to be low inhibition in this context, but it is likely that the low amount of 

anti-HA stem antibody present is not sufficient to neutralize NA activity.  

To test the possibility that other PR8-specific antibodies could contribute to NAI 

activity, we measured the NA inhibition titer of infants at 14 days post viral challenge 

when tested against live PR8 versus a chimeric H6N1 virus. We noticed that in animals 
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that were vaccinated prior to infection, NA inhibition was typically higher against PR8 

than H6N1. While this was not significant, it does speak to the possibility that antibodies 

to other influenza proteins are contributing to the overall inhibition of NA activity. 

Interestingly, we noticed that the mock-vaccinated (PBS) infants all seemed to neutralize 

H6N1 better than PR8 after being challenged. With these findings, we were unable to 

prove our hypothesis stated above that antibodies to influenza virus proteins other than 

NA were contributing to inhibition.  

In conclusion, we have shown with this study that newborn AGMs possess the 

ability to generate antibodies that neutralize NA after influenza virus infection. However, 

these infants rarely generate antibodies that are capable of neutralizing NA enzymatic 

activity after vaccination with an inactivated IAV, even in the presence of potent 

adjuvants. Once challenged, these vaccinated infants are able to generate a neutralizing 

response, but primarily in circulating plasma. Our data suggest newborns struggle to 

generate antibody in the respiratory tract that is capable of neutralizing NA, perhaps due 

to reduced immune function in local lymphoid structures, i.e. BALT. In future studies, we 

hope to identify vaccine adjuvants that can increase NA-neutralizing antibody resulting in 

increased protection of infants and the general population against influenza virus 

infection. 
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