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Abstract

Live Attenuated Influenza Virus (LAIV) is administered to and replicates in the sinonasal
epithelium. Candidate LAIV vaccine strains are selected based on their ability to replicate to a
high titer in embryonated hen’s eggs, a process that can lead to mutations which alter the receptor
binding and antigenic structure of the hemagglutinin (HA) protein. In the 2012-2013 northern
hemisphere vaccine, the H3N2 HA vaccine strain contained three amino acid changes - H156Q,
G186V and S219Y — which altered HA antigenic structure and thus presumably decreased vaccine
efficacy. To determine if these mutations also altered LAIV replication, reabcombinant viruses
were created that encoded the wild-type (WT) parental HA of A/Victoria/361/2011 (WT HA
LAIV), the egg adapted HA (EA HA LAIV) from the A/Victoria/361/2011 vaccine strain and an
HA protein with additional amino acid changes to promote a.2,3 sialic acid binding (2,3 EA HA
LAIV). The WT HA LAIV bound a 2,6 sialic compared to the EA HA LAIV and 2,3 EA HA
LAIV which both demonstrated an increased preference for a.2,3 sialic acid. On MDCKs, the WT
HA and EA HA LAIVs showed similar replication at 32°C but at 37°C the EA HA LAIV
replicated to lower infectious virus titers. The 2,3 EA HA LAIV replicated poorly at both
temperatures. This replication phenotype was similar on human nasal epithelial cell (RNEC)
cultures, however the WT HA LAIV induced the highest amount of IFN-A and infected more
nasal epithelial cells compared to the other viruses. Together, these data indicate that egg adaption
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mutations in the HA protein that confer preferential a.2,3 sialic acid binding may adversely affect
LAIV replication and contribute to reduced vaccine efficacy.
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Introduction

Influenza A virus (1AV) is a member of the Orthomyxoviridae family of viruses. Each year
AV infects between 10 and 20% of the world population, causes thousands of deaths and
results in millions of dollars in economic losses (1). There are options available for annual
influenza vaccination, one of which is the live, attenuated influenza virus (LAIV) vaccine.
The LAIV is a cold adapted and attenuated 1AV. The LAIV strain used in the United States
was generated by serially passaging a seasonal H2N2 virus, A/Ann Arbor/6/1960, in
embryonated hen’s eggs at progressively cooler temperatures (2-5). The resulting virus was
capable of growth at lower temperature (25°C), and was attenuated at 37°C and 39°C in
animal models (6). There is a similarly attenuated LAIV donor strain, A/
Leningrad/134/17/57 H2N2, used in other parts of the world (7).

LAIV replicates in the cooler environment of the upper airways but has restricted growth in
the warmer lower airways. The temperature attenuation phenotype has been mapped to
mutations in the polymerase complex (PA, PB2, PB1 and NP) as well as the matrix protein
M2 (2, 8). The mutations result in inefficient viral RNA synthesis, defective particle
formation, deficient replication, and a reduced incorporation of the viral matrix M1 protein
into progeny virions (6, 9, 10). LAIV produces the same amount of viral particles at 37°C
compared to a matched wild type (WT) virus, but the ratio of infective particles to total
particles is significant lower (11).

The LAIV vaccine is a recombinant 6:2 reassorted virus created by selecting the
hemagglutinin (HA) and neuraminidase (NA) gene segments from circulating seasonal
influenza viruses and rescuing virus with the remaining gene segments derived from a
master donor LAIV strain. This results in a virus that displays the surface glycoproteins
from circulating IAV strains, replicates in the upper airway, stimulates an innate, humoral
and cellular immune response but fails to replicate efficiently in the lower airway (12, 13).

Both the inactivated influenza vaccine (11V) and LAIV are grown in embryonated hen’s
eggs, partially purified, then administered in their respective vaccine formulation (14, 15).
During egg propagation and selection of a candidate vaccine virus (CVV), the virus can
accumulate amino acid mutations in the HA protein (16, 17). Most of these changes are in
the receptor binding site located in the head of HA and often overlap with antigenic regions.
Increased replication leads to higher per egg yields of vaccine (16, 18). Egg propagated
viruses can undergo antigenic changes. One notable instance was in the 2012-13 season
where the H3N2 vaccine component (A/Victoria/361/2011) was antigenically mismatched
from circulating viruses that season (19). Other studies have suggested the H3 11V
component was also poorly immunogenic but induced an antibody response that did
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recognize circulating H3 strains (20). In either case, the effects of mutations in HA may have
greater consequence for LAV, since this virus must replicate and mimic a natural influenza
infection — something not required of I1V. While LAIV’s are historically tested for
replication competence in immortalized cells, very little research has been conducted on the
ability of H3N2 LAIVs to replicate in human nasal epithelial cells and how egg adaption of
the LAIV HA receptor-binding impacts LAIV fitness and efficacy (21-23).

We found that egg adaptation of the H3N2 LAIV vaccine strain for the 2012/13 season
results in sialic acid receptor binding changes, decreased replication efficiency on human
nasal epithelial cell (nNECSs) cultures, decreased innate immune induction and a decreased
efficiency of infecting hNEC cultures. Switching receptor preference by producing the
LAIV vaccine in eggs could potentially have a dramatic effect on the replication and vaccine
efficacy of the LAIV vaccine platform.

Materials and Methods

Cell Lines and Primary Cells

Plasmids

Madin-Darby Canine Kidney Cells (MDCK) and human embryonic kidney cells 293T
(HEK?293T) were maintained in complete medium (CM) consisting of Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% fetal bovine serum, 100U/ml penicillin/
streptomycin (Life Technologies) and 2mM Glutamax (Gibco). Human nasal epithelial cells
(hNEC) were isolated from non-diseased donor tissue following endoscopic sinus surgery.
Cells were grown in Trans-well 24 well plates, differentiated and maintained at the air liquid
interface (ALI) as previously described (6, 8, 24). hNEC differentiation medium and
maintenance medium was prepared as previously described (6, 13, 25). The hNEC cultures
were used for low multiplicity of infection (MOI) growth curves only when fully
differentiated. All cells were maintained at 37°C in a humidified incubator supplemented
with 5% CO,. hNEC cultures were acclimated to 32°C for 48 hours before infection.

The plasmid pHH21 was used to generate full length influenza hemagglutinin (HA) or
neuraminidase (NA) gene segment encoding plasmids for recombinant virus production.
LAIV internal segments from the cold adapted A/Ann Arbor/6/1960 were used as previously
described (6, 8, 11). Briefly, viral RNA was isolated from A/Victoria/361/2011 virus stock
solutions with a Qiagen mini-vRNA isolation kit. Gene specific primers with cloning sites
for the A/Victoria/361/2011 (H3N2) neuraminidase or hemagglutinin (GISAID Accession
no.: EPI_ISL_134450) were used to create cDNA via a one-step RT-PCR reaction
(SuperScript I11-Platinum Taq mix, ThermoFisher Scientific). The RT-PCR products were
cut with appropriate restriction enzymes, column purified (QIAquick PCR Purification Kit)
and ligated with restriction enzyme cut-pHH21 using T4-ligase (New England Biolabs,
NEB). To create the EA and 2,3 EA HA plasmids, site directed mutagenesis was performed
on the WT plasmid (Agilent). Three separate mutations were performed on the WT HA
plasmid (H156Q, G186V and S219Y) to create the EA HA plasmid, per the available
IVR-165 sequence (26). To create the 2,3 EA HA plasmid, two further amino acid mutations
were introduced into the EA HA plasmid via site directed mutagenesis (1226Q and S228G).
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All plasmids were maxi prepped and Sanger sequence verified before use in recombinant
virus production.

Recombinant Virus Production

Recombinant H3N2 LAIV viruses were generated using the 12 plasmid reverse genetics
system as previously described (27, 28). For recombinant virus seed stocks, 250ul of media
from one picked plaque was added to confluent MDCK cells plated in 6 well plates and
infected for 1hr as previously described (24, 29). The HA protein sequence was determined
from working stocks to confirm the presence of the introduced mutations.

Plague Assay and TCIDsgg

Both the plaque assay and TCID50 assays for determining infectious virus production were
performed as described previously (27, 28).

Virus seed and working stocks

Consortium

Virus Particle Purification—Approximately 150ml of supernatant from virus-infected
cells was clarified by centrifugation at 300g for 10 minutes, then overlaid onto a 25%
sucrose-NTE (100nM NaCl (ThermoFisher Scientific), 10mM Tris (Promega) and 1mM
EDTA (Sigma)) buffer. The samples were centrifuged at 27,000 RPM in a SW-28 rotor in a
Beckman Coulter Optima L90-K UltraCentrifuge for 2 hours. The supernatant was removed,
the virus pellet was re-suspended in PBS and further concentrated by ultracentrifugation in
an SW-28ti rotor at 23,000 RPM for 1hr. The pellet was resuspended in PBS. Partially
purified virus particles were then labeled with Alexa Fluor 488 Succinimidyl Ester per the
manufacturer’s instructions (Thermofisher Scientific).

for Functional Glycomics Glycan Array

To assess HA receptor specificity, partially purified, whole virus particles labeled with
fluorescent dye were allowed to bind to Consortium for Functional Glycomics Array version
5. synthetic glycan chip as previously described (30-33). Labeled virus was allowed to bind
to an array chip for 1hr at room temperature, then excess was aspirated. Slides were washed
three times before fluorescence analysis. The array chip was scanned with GenePix 4300A
Microarray scanner, data was analyzed with GenePix Pro Microarray Analysis Software and
processed via Excel spreadsheets as previously described (30-33). Only sialic acid
containing ligands were considered for analysis but a complete list of glycans is available on
the CFG website (34)

Low-MOlI Infections

Low-MOI growth curves were performed at an MOI of .001 infectious units/cell in MDCK
cells and .015 in hNEC cultures. MDCK cell infections were performed as described above.
After the infection, the inoculum was removed and the MDCK cells were washed three
times with PBS+. After washing, IM was added and the cells were placed at 32°C. At the
indicated times post inoculation, IM was removed from the MDCK cells and frozen at
—-80°C. Fresh IM was then added. In low-MOI hNEC growth curves, hNECs were
acclimated to 32°C or 37°C for 48hrs before infection. The apical surface was washed three

Vaccine. Author manuscript; available in PMC 2022 June 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Powell et al.

Page 5

times with PBS and the basolateral media was changed at time of infection. ANEC cultures
were inoculated at an MOI of 0.015. hNEC cultures were then placed in a 32°C incubator
for 2 hours. After incubation, the apical surface of the hNEC culture was washed three times
with PBS. At the indicated times, 100ul of IM without N-acetyl trypsin was added to the
apical surface of the hNECs for 5 minutes at 32°C, the IM was harvested and stored at
—-80°C. Basolateral media was changed every 24hrs post infection for the duration of the
experiment.

Basolateral IFN-A Analysis

Secreted IFN-A was quantified from basolateral samples taken during low MOI hNEC
infections taken 24 hours post infection. The DIY Human IFN-A I/11/111 (IL-29/28A/28B)
ELISA (PBL Assay Science) was used according to manufacturers’ instructions. Samples
were diluted 1:4 to stay within the detection range of the assay. Values of IFN-A were
adjusted by subtracting mock infected and plotted as picograms/ml.

Flow Cytometry

Antibodies

Results

hNECs were infected for 14 hours at an MOI of 3 at 32°C. After infection, apical and
basolateral surfaces were washed with PBS twice. Cells were then detached with 1X TrypLE
(Life Technologies) for 15 minutes at 37°C and cells were pelleted by centrifugation. Cells
were washed again with PBS and fixed with 2% paraformaldehyde (Affymetrix) at room
temperature for 15 minutes. Cells were permeabilized with PBS containing 0.2% Tween-20
for 15 minutes at room temperature. The cells were then incubated with blocking buffer
(PBS with 1% solution of serum from the same species as the secondary antibody and 0.3%
BSA). After blocking, cells were incubated with indicated primary antibodies, washed twice,
incubated with secondary antibodies. Each washing step was done with FACS buffer (PBS
with 0.3% BSA). Cells were analyzed on a BD-LSR Il and data analyzed with FlowJo
V10.5.3 software.

Antibodies against human beta tubulin IV (Novus Bio, clone OTI3F1) conjugated to Alexa
Fluor 488 were used at a concentration of 0.5ug/ml to identify ciliated cells in hNEC
cultures. Goat anti-Aichi H3N2 serum (BEI resources) diluted 1:500 was used to identify
infected cells. Donkey anti-goat 1gG Alexa Fluor 647 (ThermoFisher Scientific), diluted to
0.5ug/ml was used to detect unconjugated anti-serum.

Amino acid mutations that occur in human influenza viruses grown in embryonated hen’s
eggs typically alter the sialic acid binding preference (16, 18, 35-38). To study the effect
that egg adaptation has on receptor binding specificity, virus replication and innate immune
induction, a panel of three recombinant LAIVs were produced. All three HA proteins are
based on the 2012/2013 northern hemisphere H3N2 vaccine component, A/
Victoria/361/2011. The wild-type (WT) HA was cloned from the WT A/Victoria/361/2011
HA sequence. The three amino acid modifications observed in the egg-adapted (EA) vaccine
strain (26) H156Q, G186V and S219Y, were then introduced. These amino acid mutations
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have been previously shown to shift sialic acid binding from the human a.2,6 receptor to the
avian a.2,3 receptor (17). Two additional amino acid changes were introduced into the EA
HA gene to make the 2,3 EA HA which is predicted to bind preferentially to a2,3 sialic acid
moieties. These amino acid changes, 1226Q and S228G, have been shown to change sialic
acid binding preference from a.2,6 to a2,3 sialic acid in other H3 proteins (39). The 3D
structure with highlighted amino acid changes near the sialic acid binding pocket residues of
each protein is shown for the WT (Figure 1A), EA (Figure 1B) and 2,3 EA (Figure 1C) HA
proteins.

The HA proteins were successfully rescued in the LAIV genetic background and
characterized for their sialic acid binding using a synthetic glycan array available from the
Consortium for Functional Glycomics (v5.3 array) (34). This array contains 156 glycans that
contain the human a.2,6 sialic acid receptor ligand, the avian a2,3 sialic acid receptor ligand,
a mixture of each, or the non-traditional a2,8 sialic acid linkage (34). The WT HA LAIV,
having an identical HA sequence to the circulating human clinical isolate, bound to a
number of a2,6 and a.2,3 sialic acid ligands (Figure 2A, Table 1). Out of the top 20 highest
binding glycans, 12 of them contained the a.2,6 sialic acid ligand (Table 1). The EA HA
LAIV, also bound to a mixture of a2,6 and a2,3 sialic acid containing ligands. However, out
of the top 20 highest binding glycans, only 8 out of 20 contained the human a.2,6 sialic acid
ligand (Figure 2B, Table 2). For the 2,3 EA, 7 out of the top 20 contained the a.2,6 sialic
acid receptor ligand (Figure 2C, Table 3). The glycan array analysis clearly demonstrates
that the amino acid differences between these HA proteins alters glycan binding preference.

The effect of these HA mutations on virus replication was determined in Madin-Darby
Canine Kidney (MDCK) which express both a2,3 and a.2,6 sialic acid (40). Virus
replication was investigated at 32°C and 37°C which represent the temperature gradient of
the human respiratory tract and allows for differentiation of LAIV temperature dependent
changes in replication (6, 8, 41-43). The WT HA and EA HA LAIV showed no differences
in the kinetics of infectious virus production or in peak virus production at 32°C. However,
the 2,3 EA HA LAIV replicated poorly at this temperature, suggesting that some aspect of
HA function in MDCK cell cultures is impacted by the additions of 1226Q S228G (Figure
3A). At 37°C, the WT HA LAIV produced the highest amount of infectious virus compared
to the EA HA LAIV and the 2,3 EA HA LAIV (Figure 3B), indicating a temperature-
dependent effect of these mutations on LAIV replication. Plaque appearance, morphology
and size was then assessed using MDCK cells at 32°C. All three LAIVs produced clear,
distinct plaques (Figure 3C). EA HA LAIV plaque size was similar to the size of WT HA
LAIV, however, the 2,3 EA HA LAIV produced smaller plagues compared to the WT HA
LAIV (Figure 3D).

Virus replication was then tested on primary hNEC cultures, which have previously been
shown to be a faithful model of the human nasal epithelium and allow for better penetrance
of virus replication phenotypes (6, 8, 24). The WT HA LAIV yielded significantly higher
amounts of infectious virus compared to both the EA HA LAIV and the 2,3 EA HA LAIV at
both 32°C (Figure 4A) and 37°C (Figure 4B), indicating LAIV binding to a2,3 sialic acid
results in less efficient virus replication in hNEC cultures. To determine the effects of egg
adapted mutations on epithelial cell antiviral responses, basolateral supernatant from hNEC
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cultures was tested for the presence of interferon lambda I/11/111 (IFN-A), a factor known to
be produced by hNEC cultures during infection (13). The WT HA LAIV induced the highest
amount of IFN-A at 322C (Figure 4C) and 37°C (Figure 4D) compared to the EA HA LAIV
and 2,3 EA HA LAIV which was directly correlated with the degree of virus replication
(Figure 4A and 4B).

Human nasal epithelial cell cultures contain ciliated epithelial cells, mucus secreting goblet
cells, basal cells and other epithelial cell types (25, 44-49). Ciliated cells tend to express
more a.2,6 sialic acid than a2,3 sialic acid, and other cells in hNEC cultures tend to express
more a.2,3 sialic acid than a.2,6 sialic acid (50, 51). We assessed how epithelial cell tropism
was affected by HA receptor binding changes using flow cytometry. Human nasal epithelial
cell cultures were infected at a high MOI of 3 for 14 hours, dissociated and immunostained
for markers of cell lineage (Beta Tubulin 1V, ciliated cells) and infection (H3 anti-serum) to
determine the percentage of infection in all epithelial cells as well as the ciliated and non-
ciliated epithelial cell subsets (Figure 5A). The gating strategy is shown with one example of
each infection condition (Figure 5B). The WT HA LAIV infected a higher percentage of
total epithelial cells compared to either the EA HA LAIV and 2,3 EA HA LAIV (Figure
5A). Additionally, the WT HA LAIV infected a higher percentage of ciliated cells (Beta
Tubulin-1V +) compared to both the EA HA LAIV and 2,3 EA HA LAIV. When comparing
infectivity of non-ciliated cells (Beta-Tubulin IV =), both the WT and EA HA LAIV
infected a similar percentage, but the WT HA LAIV infected a higher percentage than the
2,3 EA LAIV. These data suggest that the increased preference for binding a.2,6 sialic acid
allows the WT HA LAIV to infect a higher percentage of ciliated epithelial cells, which tend
to express more a.2,6 sialic acid (50, 51). In contrast, the 2,3 EA HA LAIV showed
significantly impaired infectivity when compared to WT HA LAIV for total, ciliated and
non-ciliated cells (Figure 5A). This data, combined with the poor replication seen in
MDCKs (Figure 3A-B) and hNECs (Figure 4A-B), suggest that changing the HA receptor
binding preferences can lead to changes in infectious virus production, IFN-A induction and
epithelial cell tropism. It is also possible that this combination of amino acid changes on the
2,3 EA HA protein created an unstable or poorly functioning HA protein which contributed
to an overall decrease of activity.

Discussion

With the recent issues of poorly performing LAIV vaccine in the United States (52), this
study was designed to understand how egg adaptation and the associated HA receptor amino
acid mutations impact receptor specificity, viral fitness, innate immune induction and
cellular tropism of an H3N2 LAIV vaccine strain. We demonstrated that egg adaptation of
the HA protein can adversely affect LAIV replication on specific cell types and in a
temperature dependent manner using recombinant viruses.

Using three different HA proteins with altered receptor binding specificity (Figure 1), we
tested the hypothesis that egg adaptation and altering receptor preference would decrease
LAIV replication. Human seasonal H3N2 WT viruses typically bind to a 2,6 sialic acid (50,
51, 53-56). There is still an appreciable a2,3 sialic acid binding of the WT HA used in this
study, as many human viruses bind both a.2,6 and a.2,3 sialic acid (57, 58). As expected, the
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EA HA receptor increased binding to the a.2,3 sialic acid glycans with the 2,3 EA showing a
further increased recognition of a.2,3 sialic acid glycans (Figure 2). These results were
expected and support previous glycan array studies using A/Victoria/361/2011 (17).

To test how receptor preferences dictated virus fitness we then analyzed virus growth. On
immortalized MDCK cells, both the WT and EA virus produced a similar amount of
infectious virus in a low MOI growth curve at 32°C, and both were significantly better than
the 2,3 EA HA LAIV (Figure 3). At 37°C, the WT HA LAIV produced the highest amount
of infectious virus titer compared to the EA HA LAIV and 2,3 EA HA LAIV, suggesting
that HA egg associated amino acid changes were contributing to the attenuation phenotype
of LAIV at 37°C. In our hNEC studies we showed that egg adaptation of the A/
Victoria/361/2011 HA decreased replication at both 32°C and 37°C (temperature of the
upper and lower respiratory tract respectively) as well as significantly decreased IFN-A
production at both 32°C and 37°C (Figure 4). Finally, we tested whether or not these HA
receptor preferences dictated infectivity of the different HA LAIVs. We found that the WT
HA LAIV infected more cells than either the EA HA or 2,3 EA HA LAIV in hNEC cultures
in addition to having a slightly higher preference for ciliated cells (Figure 5). These results
suggest that the receptor changes that resulted in differential recognition of sialic acid
(Figure 2) impact the ability of EA and 2,3 EA HA LAIV to infect hNEC cultures. A
decreased ability to infect epithelial cells can, in part, explain the lack of infectious virus
production of the EA and 2,3 EA HA LAIV in low MOI growth curves. It is not known
which ligands present in the CFG synthetic glycan array 5.3 are physiologically relevant to
infection of hNEC cultures. Taken together, these results suggest that egg adapting the A/
Victoria/361/2011 HA of LAIV further attenuates the LAIV and could significantly decrease
vaccine effectiveness.

While HA egg-adaption has been shown to result in changes in receptor binding that can
lead to antigenic changes, this study clearly demonstrates that those same changes can
impact LAIV replication and innate immune responses. Since replication of LAIV is
required for initiating a strong adaptive immune response, reduced LAIV replication could
be an important and underappreciated contributor to poor LAIV vaccine efficacy. Thus, the
failure of the 2013-14 LAIV vaccine was likely driven by two factors related to the egg
adaption of the H3 HA protein — it was antigenically mismatched with the HA from
circulating viruses and it lead to reduced LAIV replication. This does not mean that all egg-
adaption mutations in H3 or H1 LAIVs will necessarily lead to reduced virus replication as
it is possible that some egg adaption mutations may have a neutral effect on LAIV
replication in primary respiratory epithelial cell cultures.

The reduced replication of EA HA and 2,3 EA HA LAIV also resulted in a reduction in the
amount of IFNA produced by infected hNEC cultures. Epithelial cells produce several
factors that help recruit and activate immune cells, leading to efficient induction of both
innate and adaptive immune responses (11, 13). Reduced LAIV replication may be
contributing to reduced vaccine efficacy in two ways related to stimulating the adaptive
immune response. First, the production of fewer infectious particles leads to a smaller
amount of antigen and second, a weaker epithelial cell innate immune response could reduce
the recruitment and activation of immune cells to the site of LAIV replication.
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The contribution of physiologically relevant temperature ranges to LAIV replication and
epithelial cell innate immune responses needs to be investigated more thoroughly. LAIV
attenuation has often been studied at temperatures closer to 39°C, since the temperature
dependent attenuation penetrates strongly at those temperatures. It is clear that the HA and
perhaps the NA protein encoded by LAIV can contribute to temperature sensitivity and
capturing this effect in future LAIV strains may help predict vaccine efficacy. Of course, in
vitro replication does not completely recapitulate all the factors that are needed to induce a
strong, adaptive immune response. However, a failure of LAIV to replicate on hNEC
cultures could certainly be used as information that should merit more careful assessment of
LAIV replication and vaccine efficacy in human populations.

There has been an assumption that LAIV replication and attenuation is independent of the
specific HA and NA proteins that are used to generate the desired vaccine strains. In 2016,
the Advisory Committee on Immunization Practices (ACIP) recommended the LAIV not be
used for the 2016—2017 season. This was due to an ineffective HLIN1 component in the
previous 2015-2016 season (52). The HIN1 component of LAIV was an antigenically
similar but not identical strain to that used in the 11V. In 2015/16 11V had much greater
efficacy compared to LAIV suggesting that the efficacy issues in LAIV were not due to a
major antigenic difference between the two vaccine formulations. The H1 HA of LAIV used
for the 2015/16 season has demonstrated very poor replication competency in MDCKSs and
human cell lines, suggesting that some aspect of egg adaptation or combining that particular
H1 HA with the LAIV internal segments significantly decreased viral fitness (59). The in
vitro replication properties are but one component that needs to be carefully considered
when the HA and NA proteins are changed in the LAIV formulation. Egg adaption and
specifically, the loss of glycosylation sites upon adaption has been a greater concern with H3
seasonal influenza vaccines compared to H1 seasonal influenza vaccines. Issues related to
birth year and antigenic imprinting may impact the vaccine efficacy of both H1 and H3
viruses independently of in vitro replication. While the LAIV was recommended again
starting in the 2018/19 season, a greater consideration of the effects of specific HA and NA
proteins on LAIV replication would reduce the likelihood of future LAIV vaccine failures
that are related to the ability of the vaccine to replicate in the upper respiratory tract. LAIV
is still an attractive vaccine platform even with many potential pitfalls of replication
competency. However, more focused research on stabilizing the HA protein during egg
passaging or using an alternative substrate to grow vaccine stocks could solve the poor
replication issues seen in certain LAIV vaccines.
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Figure 1. 3D modeling of A/Victoria/361/2011 HA proteins
(A) Model of WT A/Victoria/361/2011 HA monomer protein. Sialic acid binding pocket

residues highlighted (60-64) 190 Helix in pink, 130 loop in blue and 220 loop in green. (B)
Model of EA A/Victoria/361/2011 HA. Egg adaptation of A/Victoria/361/2011 during
vaccine manufacturing resulted in three amino acid changes, highlighted on the structure
(H156Q, G186V and S219Y). (C) Model of 2,3 EA HA. Two additional amino acid changes
were added to the EA HA to shift sialic acid binding preference to a2,3 sialic acid (1226Q
and S228G). Images were prepared with UCSF Chimera software with the Protein DataBase
structure ID 4WE9 (A/Victoria/361/2011).
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Figure 2: Glycan array analysis of recombinant H3N2 LAIV’s with different HA proteins
WT HA (A), EA HA (B) and 2,3 EA HA (C) A/Victoria/361/2011 LAIVs were subjected to

glycan array analysis. The Y axis indicates raw average relative fluorescence units (RFU)
while the X axis indicates the specific glycan. See Tables 1-3 for information regarding
chemical structure and glycan ID. a2,3 Sialic acid containing ligands in blue box (glycans
2-68) and a.2,6 sialic acid containing glycans in off white box (glycans 75-118).
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Figure 3: Replication of recombinant H3N2 LAIV viruses in MDCK cell cultures
Low MOI growth curves with MDCK cells at 32°C (A) or 37°C (B) with the indicated A/

Victoria/361/2011 LAIV recombinant viruses. Hours post infection (HPI) on X axis, logq of
TCIDsgg/ml on Y axis. Data are pooled from 3 independent experiments with four replicates
per virus per experiment (total n = 12 wells per virus timepoint). Data were analyzed with
*p<.05 and two-way repeated measures ANOVA with Bonferroni multiple comparison
posttest. The limit of detection (L.O.D.) is indicated with a dotted line at log 2.37
TCID50/ml. (C) Plaque assay performed with recombinant LAIV expressing WT, EA or 2,3
EA HA proteins at 32°C. (D) Quantification of plaque area from 30-50 individual plaques
per virus from 3 independent experiments. *p<.05 unpaired T test. Error bars in (A) and (B)
are SEM, error bars in (D) are SD.
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Figure 4: Replication of recombinant H3N2 LAIV viruses in hNEC cultures
Low MOI growth curves with hNECs at 32°C (A) or 37°C (B) with the indicated A/

Victoria/361/2011 LAIV recombinant viruses. Hours post infection (HPI) on X axis, Log of
TCID50/ml on Y axis. Data are pooled from 2 independent experiments with four replicates
per virus per experiment (total n = 8 wells per virus timepoint). The limit of detection
(L.O.D.) is indicated with a dotted line at log 2.37 TCIDsp/ml. Quantification of IFN-A
I/11/111 at 32°C (C) and 37°C (D) secreted in the basolateral media of hNEC cultures. Y axis
pa/ml, X axis hours post infection (HPI). All data were analyzed with *p<.05 and two-way
repeated measures ANOVA with Bonferroni multiple comparison posttest. Error bars are
SEM.
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Figure 5: Tropism of LAIV in hNEC Cultures
hNEC infected with a high MOI of three and virus tropism was determined via flow

cytometry. Quantification of infection of total cells, Beta-Tubulin IV+ (ciliated epithelial
cells) and Beta-Tubulin IV- (everything else in hNEC culture) (A). Gating strategy is shown
for identifying lineages within heterogenous cell culture (B). Data are pooled from 3
independent experiments with 2 replicates per virus per experiment (total n = 6 hNEC wells
tropism analysis). Data were analyzed with *p<.05 unpaired T test in A. Data was compared
from WT HA LAIV percent infected to either EA or 2,3 EA HA. Mock is shown for
background fluorescence in (A) and (B). Error bars in (A) are SEM. Acquisition of data on
BD LSR Il flow cytometer and analysis done with FlowJo 10.5.3 software and GraphPad
Prism8.
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Table 1:
WT HA A/Victoria/361/2011 CFG synthetic glycan array binding data

Sample ID

NeubAca2-6Galb1-4GIcNAch1-3Galbl-4(Fucal-3)GIcNAch1-3Galbl-4(Fucal-3)GIcNAch-Sp0

Neu5Aca2-6GalNAcb1-4GIcNAch-Sp0

NeubAca2-6Galb1-4(6S)GIcNAch-Sp8

Neu5Aca2-6Galbl-4GIcNAcb1-3Galb1-4GIcNAch1-3Galb1-4GIcNAch1-2Manal-6(Neu5Aca2-6Galb1-4GIcNAch1-3Galb1-4GIcNAch1-3Galbl-4GlcNAch1-2Manal-3)Man
Sp12

Neub5Aca2-6Galb1-4GIcNAch1-3Galb1-4GIcNAch-Sp0

NeubAca2-6Galb1-4GIcNAch1-3Galb1-4GIcNAch1-3Galb1-4GIcNAch-Sp0

Neu5Aca2-6Galb1-4GIcNAch-Sp8

NeubAca2-6Galb1-4GIcNAch-Spo

Neub5Aca2-6Galb1-4GIcNAch1-3Galb1-4GIcNAch1-6(Galbl-3)GalNAca-Spl4

NeubAca2-6GalNAch1-4(6S)GIcNAch-Sp8

Neub5Aca2-3Galb1-4GIcNAch1-3Galb1-4GIcNAch-Sp0

NeubAca2-3Galb1-4GIcNAchl-2Manal-6(GIcNAch1-4)(NeubAca2-3Galbl-4GlcNAcb1-2Manal-3)Manb1-4GlcNAcb1-4GlcNAch-Sp21

Neu5Aca2-3Galb1-4GIcNAch1-3Galb1-4GIcNAch1-3Galbl-4GIcNAch-Sp0

Galb1-4GIcNAcb1-6(NeubAca2-6Galbl-3GIcNAch1-3)Galbl-4Glc-Sp21

Neu5Aca2-3Galb1-4GIcNAch1-3Galb-Sp8

Neu5Aca2-3Galb1-4GIcNAch1-2Manal-6(Neu5Aca2-3Galb1-4GIcNAch1-2Manal-3)Manb1-4GlcNAcb1-4GIcNAch-Sp12

Neu5Aca2-3Galb1-4GIcNAch-Sp0

NeubAca2-6(Neu5Aca2-3Galb1-3)GalNAca-Sp8

Neub5Aca2-3Galb1-4GIcNAch1-3Galb1-3GIcNAch-Sp0

Neu5Aca2-3Galb1-4GIcNAch1-6(Galb1-3)GalNAca-Spl4

A/Victoria/361/2011 LAIV with WT HA used in CFG synthetic glycan array top 20 values. Sialic acid (SA) orientation indicated (2,3 vs a2,6).
RFU average was calculated by taking the 4 highest RFU values (out of 6 technical replicates). Out of the top 20, 12 glycans contain a2,6 SA
linkages and 8 contains a.2,3 SA.
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Table 2:
EA HA A/Victoria/361/2011 CFG synthetic glycan array binding data

Page 20

Sample ID Average a2,3or
RFU a2,6
SA
Neu5Aca2-6GalNAch1-4GIcNAch-Spo 43634 a2,6
Neu5Aca2-3GalNAcb1-4GIcNAch-Sp0 25436 a2,3
Neu5Aca2-6Galb1-4(6S)GIcNAch-Sp8 19376 a2,6
Neu5Aca2-3Galbl-4(Fucal-3)GIcNAch-Sp8 17094 a2,3
Neu5Aca2-6Galb1-4GIcNAch-Sp8 14351 a2,6
Neu5Aca2-6(Galb1-3)GIcNAch1-4Galbl-4Glch-Sp10 13421 a2,6
Neu5Aca2-6Galb1-4GIcNAch-Sp0 12390 a2,6
Neu5Aca2-3Galb1-4(Fucal-3)GIcNAch-Sp0 12333 a2,3
Neu5Aca2-6GalNAca-Sp8 10025 a2,6
Neu5Aca2-6(Neu5Aca2-3Galb1-3)GalNAca-Sp8 10025 a2,6
Neu5Aca2-6Galb1-4GlcNAcb1-3Galb1-4GlcNAch1-3Galbl-4GlcNAch-Sp0 9878 a2,6
Neu5Aca2-3Galb1-4(Fucal-3)GIcNAcbl-2Mana-Sp0 9869 a2,3
Neu5Aca2-6Galb1-4GIcNAcb1-3Galbl-4(Fucal-3)GIcNAcb1-3Galbl-4(Fucal-3)GIcNAch-Spo 9863 a2,6
Neu5Aca2-6GalNAch1-4(6S)GIcNAch-Sp8 9269 a2,3
Neu5Aca2-3Galb1-4(Neu5Aca2-3Galb1-3)GIcNAch-Sp8 8602 a2,3
Neu5Aca2-3Galb1-4GIcNAch-Sp8 6823 a2,3
Neu5Aca2-3Galb-Sp8 4391 a2,3
Neub5Aca2-3Galb1-4GIcNAcb1-6(Neu5Aca2-3Galb1-4GIcNAch1-2)Manal-6(GlcNAch1-4)
(Neu5Aca2-3Galb1-4GIcNAcb1-4(Neu5Aca2-3Galbl-4GlcNAcbl1-2)Manal-3)Manbl-4GIcNAch1-4GIcNAcb-Sp21 4121 a2,3
NeubAca2-3Galbl1-4(Fucal-3)GIcNAchl1-3Galb-Sp8 4032 a2,3
Neu5Gca2-3Galb1-4(Fucal-3)GIcNAcb-Sp0 3833 a2,3

A/Victoria/361/2011 LAIV with EA HA used in CFG synthetic glycan array top 20 values. Sialic acid (SA) orientation indicated (a2,3 vs a.2,6).
RFU average was calculated by taking the 4 highest RFU values (out of 6 technical replicates). Out of the top 20, 8 glycans contain a2,6 SA

linkages and 12 contains a2,3 SA.
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Table 3:
2,3 EA HA A/Victoria/361/2011 CFG synthetic glycan array binding data

Page 21

Structure ID Average RFU a2,30ra2,6b

SA
Neub5Aca2-3Galb1-4(Fucal-3)GIcNAch-Sp0 21866 a2,3
NeubAca2-3Galb1-4(Fucal-3)GIcNAch-Sp8 19281 a2,3
Neu5Aca2-3Galbl-4(Fucal-3)GIcNAchl-3Galb-Sp8 15227 a2,3
NeubAca2-3Galb1-3(6S)GalNAca-Sp8 11236 a2,3
Neu5Aca2-6Galb1-4GIcNAchl1-3Galbl-4(Fucal-3)GIcNAch1-3Galbl-4(Fucal-3)GIcNAch-Sp0 10638 a2,6
NeubAca2-6GalNAcb1-4GIcNAch-Sp0 10557 a2,6
Neu5Aca2-6Galb1-4(6S)GIcNAch-Sp8 9451 a2,6
NeubAca2-6(Neu5Aca2-3Galb1-3)GalNAca-Sp8 8016 a2,6
Neu5Aca2-6Galb1-4GIcNAch1-3Galb1-4GIcNAch1-3Galbl-4GIcNAch-Sp0 7312 a2,6
NeubAca2-3Galb1-4GIcNAch1-6(NeuSAca2-3Galbl-3)GalNAca-Spl4 7025 a2,3
Neu5Aca2-3Galbl-4(Fucal-3)GIcNAchl-3Galbl-4(Fucal-3)GIcNAcb1-3Galbl-4(Fucal-3)GIcNAch-Sp0 6599 a2,3
Neu5Gca2-3Galb1-4(Fucal-3)GIcNAch-Spo 6277 a2,3
Neu5Aca2-3Galbl-4(Fucal-3)GIcNAcbl-2Mana-Sp0 6234 a2,6
NeubAca2-6(Neu5Aca2-3Galb1-3)GalNAca-Sp14 6220 a2,6
Neu5Aca2-3Galb1-3GIcNAch1-3GalNAca-Spl4 5952 a2,3
NeubAca2-3Galb1-3GIcNAch1-3Galb1-4GIcNAch-Sp0 5725 a2,3
Neu5Aca2-3Galb1-3(6S)GIcNAc-Sp8 5359 a2,3
NeubAca2-3Galb1-3GalNAca-Sp8 5332 a2,3
Neu5Aca2-3Galbl-4(Fucal-3)GIcNAcbhl-3Galb1-4GIcNAch-Sp8 4920 a2,3
NeubAca2-3Galbl1-3(Fucal-4)GlcNAchl1-3Galb1-4(Fucal-3)GIcNAch-Spo 4836 a2,3

A/Victoria/361/2011 LAIV with 2,3 EA HA used in CFG synthetic glycan array top 20 values. Sialic acid (SA) orientation indicated (a2,3 vs
a2,6). RFU average was calculated by taking the 4 highest RFU values (out of 6 technical replicates). Out of the top 20, 7 glycans contain a2,6 SA

linkages and 13 contains a.2,3 SA.

Vaccine. Author manuscript; available in PMC 2022 June 02.



	Abstract
	Introduction
	Materials and Methods
	Cell Lines and Primary Cells
	Plasmids
	Recombinant Virus Production
	Plaque Assay and TCID50
	Virus seed and working stocks
	Virus Particle Purification

	Consortium for Functional Glycomics Glycan Array
	Low-MOI Infections
	Basolateral IFN-λ Analysis
	Flow Cytometry
	Antibodies

	Results
	Discussion
	References
	Figure 1
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:
	Table 1:
	Table 2:
	Table 3:

