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Abstract

We applied an in vitro selection approach using two different plant lectins that bind to α2,3-

or α2,6-linked sialic acids to determine which genetic changes of the A/California/04/09

(H1N1) virus alter hemagglutinin (HA) receptor binding toward α2,3- or α2,6-linked glycans.

Consecutive passages of the A/California/04/09 virus with or without lectins in human lung

epithelial Calu-3 cells led to development of three HA1 amino acid substitutions, N129D,

G155E, and S183P, and one mutation in the neuraminidase (NA), G201E. The S183P

mutation significantly increased binding to several α2,6 SA-linked glycans, including YDS,

60SL(N), and 6-Su-60SLN, compared to the wild-type virus ("3.6-fold, P < 0.05). Two other

HA1 mutations, N129D and G155E, were sufficient to significantly increase binding to α2,6-

linked glycans, 60SLN and 6-Su-60SLN, compared to S183P ("4.1-fold, P < 0.05). These

HA1 mutations also increased binding affinity for 30SLN glycan compared to the wild-type

virus as measured by Biacore surface plasmon resonance method. In addition, the HA1

N129D and HA1 G155E substitutions were identified as antigenic mutations. Furthermore,

the G201E mutation in NA reduced the NA enzyme activity (#2.3-fold). These findings dem-

onstrate that the A/California/04/09 (H1N1) virus can acquire enhanced receptor affinity for

both α2,3- and α2,6-linked sialic receptors under lectin-induced selective pressure. Such

changes in binding affinity are conferred by selection of beneficial HA1 mutations that affect

receptor specificity, antigenicity, and/or functional compatibility with the NA protein.

Introduction

Hemagglutinin (HA) and neuraminidase (NA), the surface glycoproteins of influenza virus,

play vital roles in the virus life cycle. HA binds to glycan receptors on the host cell surface to

initiate fusion of the cell and viral membranes; whereas, NA enzymatically cleaves sialic acids
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(SAs) from glycans to facilitate the release of budding progeny viruses [1,2]. Human influenza

viruses preferentially recognize glycans with terminal α2,6-linked SAs, which are broadly dis-

tributed on epithelial cells of the human trachea. In contrast, avian influenza viruses specifi-

cally bind α2,3-linked SAs, which are present only in the alveoli in the lower human

respiratory tract [3]. An optimal balance between HA receptor binding and NA receptor

destroying is important for efficient viral replication in cultured cells, mice and humans [3–7].

However, mismatched pairs of HA and NA can be rescued by adaptive mutations in the HA,

NA, or both proteins after several replication cycles [4,8–10].

In 2009, the emergence of a novel H1N1 influenza A virus originating from swine resulted

in a pandemic [11]. This virus showed a functional balance between its HA and NA proteins

[3], demonstrating coadaptation of both proteins. In particular, the first identified pandemic

strain, A/California/04/09 (CA/04), exhibited both low HA avidity for α2,6 sialic receptors and

weak NA enzymatic activity in catalyzing α2,6-linked glycans [3]. Four weeks later, a distinct

virus, A/New York/06/09, was isolated, and this strain accumulated four amino acid substitu-

tions in the HA and two mutations in the NA. These amino acid substitutions allowed A/New

York/06/09 to achieve a new functional balance, with improved HA binding avidity and

enhanced NA activity towards α2,6-linked SAs [3]. The mutations acquired by this virus are

present in most descendants of the pandemic viruses subsequently isolated from humans, sug-

gesting that viruses carrying these mutations are fit for viral circulation in humans. In contrast,

another strain isolated at the end of April 2009, A/Netherlands/602/09, showed improved HA

binding for α2,6-linked SAs over CA/04 but greatly diminished NA activity, indicating an

imbalanced HA/NA pair. The mismatch of the viral surface proteins put the A/Netherlands/

602/09 virus in an evolutionary dead end because the mutations that impaired the HA/NA bal-

ance in this virus are not present in any other H1N1 pandemic strains, suggesting that it might

not be fit for productive replication in humans [3].

Viral evolution is driven by natural selection of random mutations, which are generated

rapidly due to the poor proofreading mechanism of the influenza virus RNA polymerase.

Because of the randomness of the process, most mutants have impaired fitness and fail to

propagate further. However, those mutations that provide selective advantages in the process

of virus replication continue to accumulate in the viral genome, driving influenza virus evolu-

tion. It is a significant scientific challenge to predict all structural and functional changes that

may arise and improve influenza virus replication in humans. In this study, we investigated

whether the CA/04 virus could be further adapted by the fine tuning of HA receptor recogni-

tion for better fitness in human airway epithelium and whether it could result in the selection

of variants with enhanced growth properties and more balanced HA/NA activities. We used

two plant lectins, the Maackia amurensis agglutinin (MAA) and the Sambucus nigra agglutinin

(SNA) that recognize α2,3- and α2,6-linked SAs, to drive in vitro selection of the 2009 pan-

demic H1N1 virus with predominant binding to α2,6- or α2,3-linked glycans. We hypothe-

sized that H1N1 mutants selected by consecutive passage in the presence of lectins in a human

lung epithelial cell line, Calu-3, might help to identify structural changes, which may occur in

influenza virion when primary SA-containing host cellular receptors are masked and are not

easily available for virus attachment.

Materials and methods

Cells, viruses, and lectins

The Madin-Darby canine kidney (MDCK) cell line and the human lung epithelial cell line

(Calu-3) were obtained from the American Type Culture Collection (Manassas, VA, USA) and

maintained as described elsewhere [12].
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Human influenza CA/04 virus was kindly provided by Dr. Robert G. Webster (St. Jude

Children’s Research Hospital, Memphis, TN). Viruses’ stocks were prepared by one passage

either in the allantoic cavities of 10 day-old embryonated chicken eggs or in MDCK cells for

48 h at 37˚C, and aliquots were stored at −70˚C until use. All experimental work was per-

formed in a biosafety level-2 (BSL-2) laboratory approved for use of these strains by the U.S.

Department of Agriculture and the U.S. Centers for Disease Control and Prevention.

MAA lectin with carbohydrate specificity towards α2,3-linked SAs and SNA lectin with car-

bohydrate specificity towards α2,6-linked SAs (according the vendor’s specifications) were

obtained from EY Laboratories, Inc. (San Mateo, CA, USA).

Infectivity of H1N1 influenza viruses

The infectivity of H1N1 viruses was determined by plaque assay [13] and the 50% tissue cul-

ture infective dose (TCID50) [7]. Briefly, confluent cultures of MDCK cells were incubated at

37˚C for 1 h with 10-fold serial dilutions of each virus. The cells were then washed and overlaid

with minimal essential medium (MEM) containing 0.3% bovine serum albumin (BSA), 0.9%

Bacto agar, and 1 μg/ml l-(tosylamido-2-phenyl)ethylchloromethylketone (TPCK)-treated

trypsin. After 3 days of incubation at 37˚C, the cells were stained with 0.1% crystal violet in

10% formaldehyde solution, and the number of plaque-forming units (PFU) per milliliter and

plaque size of any 10 plaques were determined using a Finescale magnifying comparator.

The TCID50 was determined in confluent monolayers of MDCK cells grown in 96-well

plates and inoculated with serial virus dilutions (each dilution was added to five wells) in the

presence of 1 μg/ml TPCK-treated trypsin. After 3 days, virus was titrated by hemagglutination

assay, and virus titers were expressed as log10TCID50/ml by the endpoint method of Reed &

Muench [14].

Virus yield reduction assay

The extracellular virus yield reduction assay was performed as described previously in 24-well

plates containing confluent Calu-3 cells grown on membrane supports (6.5-mm Transwell,

Corning Inc., Corning, NY, USA) [12]. The concentrations of MAA or SNA lectins ranged

from 1 to 1000 μg/ml and they were added to the apical compartment of Calu-3 cells for 2 h.

After pretreatment, the cells were overlaid with 2× lectin-containing medium (100 μl/well),

infected with influenza virus at a multiplicity of infection (MOI) of 0.1 PFU/cell, and incubated

for 48 h at 37˚C. Virus yields were determined as the number of PFU/ml in MDCK cells.

The drug concentration that caused a 50% decrease in the PFU titer in comparison to control

wells without lectin was defined as EC50. The results of two independent experiments were

averaged.

Viral replication kinetics

To determine multistep growth curves for each virus, Calu-3 cells were inoculated via the api-

cal side with the H1N1 viruses at an MOI of 0.001 PFU/cell. After incubation for 1 h, the cells

were washed and overlaid with MEM medium containing 0.3% BSA and 1 μg/ml TPCK-

treated trypsin. The supernatants were collected at 6, 24, 48, and 72 h post-infection and stored

at −70˚C until titration.

Virus sequence analysis

Viral RNAs were isolated from virus-containing cell culture fluid after passages in Calu-3

cells followed by plaque purification in MDCK cells by using RNeasy Minikits (Qiagen,
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Germantown, MD, USA). Samples were reverse transcribed and analyzed by PCR using uni-

versal primers specific for influenza gene segments as described previously [15]. Sequencing

was performed by the Research Central Facility for Biotechnology Resources at the U.S. Food

and Drug Administration, Silver Spring, MD. The DNA template was sequenced using rhoda-

mine or dichlororhodamine (drhodamine) dye terminator cycle sequencing Ready Reaction

Kits with AmpliTaq DNA Polymerase FS (PerkinElmer Applied Biosystems, Waltham, MA,

USA) and synthetic oligonucleotides. All samples were analyzed in a Perkin-Elmer Applied

Biosystems DNA sequencer (model 373 or 377). DNA sequences were completed and edited

by using a Lasergene sequence analysis software package (DNASTAR).

Hemagglutination inhibition (HI) test and microneutralization (MN) assay

HI test was performed with 0.5% chicken red blood cells by a standard method as described

elsewhere [16]. We used ferret antiserum obtained against A/New Jersey/15/07 (H1N1), CA/

04, A/California/07/09 (H1N1), and A/Tennessee/1-560/09 (H1N1); goat antiserum obtained

against CA/04; and a panel of 10 mouse monoclonal antibodies (MAbs) to HAs of 4 H1 strains:

4 antibodies to CA/04, MAbs 28665, 28666, 28667, and 28668; 2 antibodies to A/South Caro-

lina/1/1918 (H1N1), MAbs NR-13451 and NR-13455; 2 antibodies to A/swine/AR/2976/02

(H1N2), MAbs H5 and G7; and 2 antibodies to A/swine/NC/18161/02 (H1N1), MAbs E2 and

H7.

Virus-neutralizing MN titers were determined by infection of MDCK cells and expressed as

the reciprocal of the highest MAb dilution that neutralized 50% of 100 TCID50 of virus after

incubation at 37˚C for 72 h.

Virus purification

Allantoic fluid was clarified by low-speed centrifugation. The virus was pelleted and then puri-

fied through 27% and 49% (w/v) sucrose cushions. Virus-containing bands were pelleted and

stored in phosphate-buffered saline (PBS) at −70˚C until use. HA and NA concentrations were

determined by optical densitometry of the SDS-PAGE gel images (S1 Fig) and total protein

content was determined by BCA protein assay (Pierce Biotechnology, Rockford, IL, USA).

Receptor-binding assay

The affinity of each virus for biotinylated 30- and 60-sialylglycopolymers was measured in a

direct binding assay as described previously [12,17]. Briefly, plates were pre-coated with each

virus at 4˚C for 16 h, followed by washing with 0.05% Tween 20 in PBS (PBS-T). After the

addition of biotinylated sialylglycopolymer in PBS supplemented with 0.02% Tween 20, 0.02%

BSA, and 3 mM oseltamivir carboxylate, plates were incubated at 4˚C for 1 h. Plates were

then washed with cold PBS-T and incubated with streptavidin-peroxidase (Sigma-Aldrich,

St. Louis, MO, USA) at 4˚C for 1 h. After washing, tetramethylbenzidine (TMB) substrate solu-

tion (KPL, Gaithersburg, MD, USA) was added, and the reaction was stopped with TMB stop

solution (KPL). Optical density was determined at 450 nm with a Synergy 2 multimode micro-

plate reader (BioTek Instruments, Winooski, VT, USA). The association constant (KA, 1/μM

SA) values were determined by fitting the data to the “one site-total binding” equation by

using nonlinear regression in Prism 6.0 software (GraphPad Software, La Jolla, CA, USA). The

reported data represent the mean of at least four individual and independent experiments for

each virus.
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Direct and competitive antibody-binding assays

The binding of viruses by MAbs was measured by enzyme-linked immunosorbent assay

(ELISA). Briefly, purified and concentrated viruses were applied to Immulon 2HB microtiter

plates (Thermo Scientific, Rochester, NY, USA) at 1 μg/well. The virus-coated plates were

blocked with 1% BSA in PBS and then incubated with each MAb (1:200 dilution, ~2.5 μg/ml)

in 1% BSA in PBS-T. After an additional incubation with peroxidase-conjugated goat anti-

mouse IgG (Sigma-Aldrich, St. Louis, MO, USA), the signal was developed using TMB as the

substrate. The reaction was stopped with TMB stop solution, and optical density was deter-

mined at 450 nm. The values of the selected H1N1 viruses were normalized to those of the

wild-type CA/04 strain. Two independent assays were performed, and each assay was run in

duplicate wells.

The competitive assay was based on the competition for binding sites on the viral particle

between nonlabeled MAb and biotinylated polyvalent synthetic sialoglycoconjugates [18].

Briefly, the virus-coated plates (1 μg/well for each virus) were blocked with 1% BSA in PBS and

then incubated with fixed amount of each sialylglycopolymer (~ 10 × 1/KA) in the presence of

MAb 28668 (1:100 dilution, 5 μg/ml) in 1% BSA in PBS-T at 4˚C for 1 h. Plates were then

washed with cold PBS-T and incubated with streptavidin-peroxidase at 4˚C for 1 h. After

washing, TMB substrate solution was added and the reaction was stopped with TMB stop solu-

tion after 30 min. Optical density was determined at 450 nm and the values for each virus were

normalized to the respective values in the absence of MAb. The reported data represent the

mean of at least three individual experiments for each virus.

NA enzyme activity and kinetics

The NA activity of influenza H1N1 viruses was measured by a fluorescence-based assay using

the fluorogenic substrate MUNANA (Sigma-Aldrich, St Louis, MO, USA), based on the

method of Potier et al. [19] as described previously [20]. Briefly, H1N1 viruses were standard-

ized to an equivalent NA protein content of 0.015 ng/μl as determined by protein gel electro-

phoresis using purified and concentrated viruses (S1 Fig). This virus dilution was selected as a

dilution that converted�15% MUNANA substrate to product during the reaction time in

order to meet the requirements for steady-state kinetic analysis [20]. Virus dilutions were pre-

pared in enzyme buffer [32.5 mM of 2-(N-morpholino) ethanesulfonic acid (MES), 4 mM of

calcium chloride, pH 6.5] and added (100 μl/well) in duplicate to a flat-bottom 96-well opaque

black plate (Corning, Tewksbury, MA, USA). After pre-incubation for 20–30 min at 37˚C, the

MUNANA substrate at various concentrations (separately pre-incubated for 20–30 min at

37˚C) was added to all wells (50 μl/well). Immediately after adding the MUNANA substrate,

the plate was transferred to a 37˚C pre-warmed SpectraMAX Gemini XPS microplate reader

(Molecular Devices, Sunnyvale, CA, USA) and fluorescence was measured every 60 s for 60

min at 37˚C, using excitation and emission wavelengths of 360 nm and 460 nm, respectively.

Enzymatic reactions were performed under conditions where signal-to-noise ratios were

above 10 during more than 30 min of the reaction time. Time course data from each concen-

tration of the MUNANA substrate were examined for linearity by linear regression analysis.

Data with R2 > 0.99 were used for analysis. The kinetic parameters Michaelis-Menten constant

(Km) and maximum velocity of substrate conversion (Vmax) of the NAs were calculated by fit-

ting the data to the appropriate Michaelis-Menten equation by using nonlinear regression in

Prism 6.0 software (GraphPad Software, La Jolla, CA, USA). Values are the means of three

independent determinations.
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Lectin binding and viral receptor binding assays using surface plasmon

resonance

Biacore T200 biosensor (GE Healthcare, Chicago, IL, USA) was used to evaluate steady-state

affinity constants of MAA and SNA lectins. Briefly, polyvalent biotinylated glycoconjugates

60SLN and 30SLN (Consortium for Functional Glycomics, 30 kDa) were diluted in HBS-P

buffer (0.01 M HEPES pH 7.4, 0.15 M NaCl, 3 mM EDTA, 0.005% v/v Surfactant P20) and

immobilized on the steptavidin-coated Biacore chip to a maximum response of approximately

300–400 resonance units (RU). Non-influenza binding polyvalent glycan, GD3, (Neu5Acα2-

8Neu5Acα2-3Galβ1-4Glcβ-SpNH-LC-LC-biotin) was immobilized on the reference flow-cell

at the same level and served as a buffer mismatch for a non-specific binding control. Lectins

serially diluted in HBS-P buffer to a concentration range of 1–150 nM were applied over

immobilized glycans for 2 min at a flowrate of 30 μl/min. Regeneration of the surface between

each cycle was performed using single 30 sec pulse with 50 mM NaOH. Binding level (RU)

was measured for each lectin concentration (μM) and resulted in experimental data that were

fitted by non-linear regression analysis using BIAevaluation software 4.1. Steady-state associa-

tion constants were calculated based on best-fit results using projected maximum binding

capacity (Rmax) and 1:1 interaction model. Dissociation constant (KD, μM) was calculated as a

reciprocal of association constant (KA, 1/μM) for each lectin.

Purified and concentrated viruses serially diluted in HBS-P buffer in the presence or

absence of NA inhibitor, 5 mM zanamivir, to a concentration range of 0.005 nM-0.16 nM

were applied over immobilized 60SLN or 30SLN glycans at a flowrate of 30 μl/min for 2 min.

α2,8-linked SA receptor, GD3, was used as a negative control for virus binding. Binding level

was measured as RU signal 10 sec after the end of the association phase. Dissociation was

allowed to proceed for 10 min before regeneration. Regeneration was performed using 30 sec

pulse of 50 mM NaOH at 50 μl/min flowrate. Biacore sensograms were normalized by subtrac-

tion of the signal in control flowcell and a signal from zanamivir control. Association rate

(kon) and dissociation rate (koff) constants together with equilibrium association (KA) and dis-

sociation (KD) constants were calculated using BIAevaluation software 4.1.

Statistical analysis

Plaque size and number in MDCK cells, virus yield in MDCK and Calu-3 cells, binding to SA

receptors and MAbs, and NA enzyme kinetic parameters (Km and Vmax) of the wild-type and

mutant H1N1 influenza viruses were compared by t-test or by analysis of variance (ANOVA).

Probability values� 0.05 indicate statistically significant differences.

Results

In vitro selection of H1N1 mutants in Calu-3 cells

We first measured the sensitivity of influenza CA/04 virus to pretreatment with MAA and

SNA lectins. We evaluated the activity of the lectins by virus reduction assay using Calu-3 cells

as target cells. CA/04 virus was sensitive to pretreatment with MAA or SNA: mean EC50�

7.9 ± 1.3 μg/ml (Fig 1A). We then serially passaged the CA/04 strain 10 times in Calu-3 cells in

the presence of increasing concentrations of MAA and SNA to provide an opportunity for

selection of viral receptor variants (Fig 1B). Virus yields were measured by plaque assay using

MDCK cells after each passage. To monitor the emergence of any adaptive amino acid changes

due to repeated passage in Calu-3 cells, we also passaged the parental virus in parallel without

any selective pressure. Analysis of the viral titers of the viruses cultured in the presence of

increasing concentrations of lectins showed the largest increase in plaque number at passage
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Fig 1. (A) Antiviral activity of MAA and SNA lectins against the wild-type CA/04 virus as determined by virus reduction assay in

Calu-3 cells. (B) Generation of influenza A viruses with decreased sensitivity to MAA and SNA lectins. CA/04 virus was passaged

in Calu-3 cells in the presence or absence of increasing concentrations of MAA or SNA lectins. �P< 0.05, ˚P< 0.01, compared to the

values for the CA/04 virus.

https://doi.org/10.1371/journal.pone.0195525.g001
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10 compared to that of the virus passaged in the absence of lectins (� 2.1 ± 0.9 log10PFU/ml,

Fig 1B).

Lectin sensitivity and growth characteristics of selected H1N1 variants

After 10 serial passages in the presence or absence of lectins, we prepared stocks of three

selected H1N1 variants: CA/04+MAA, CA/04+SNA, and CA/04+Calu-3 by plaque purification in

MDCK cells. We then tested their sensitivity to both lectins and their combination by virus

yield reduction assay in Calu-3 cells. As shown in Fig 2A and 2B, sensitivity of the CA/04+Calu-3

variant to both lectins differed slightly (� 5-fold) from that of the wild-type virus. In contrast,

sensitivities of CA/04+MAA and CA/04+SNA variants to MAA and SNA differed significantly

from that of CA/04+Calu-3 and the wild-type viruses. Surprisingly, the CA/04+MAA variant

exhibited markedly reduced sensitivity not only to MAA (EC50 = 108.8 ± 12.0 μg/ml), but also

to SNA (EC50 = 551.4 ± 60.7 μg/ml). CA/04+SNA also demonstrated diminished sensitivity to

both lectins compared to CA/04 (EC50� 796.8 ± 94.0 μg/ml). These findings indicated that

both CA/04+MAA and CA/04+SNA viruses may have acquired one or more mutation(s) that

decreased their sensitivity to the lectin pretreatment. We also observed that pretreatment with

the combination of both lectins led to a stronger reduction of virus yields of CA/04+MAA and

CA/04+SNA as compared to either lectin alone (Fig 2C).

We next examined growth of the wild-type, CA/04+MAA, CA/04+SNA, and CA/04+Calu-3

viruses in MDCK cells. CA/04+MAA variant grew to significantly higher titers than the parental

strain, and CA/04+MAA and CA/04+SNA formed larger plaques than CA/04 (P< 0.05, data not

shown). To further evaluate the replicative ability of the selected H1N1 variants, we assayed

their virus yields in comparison to those of the parental strain after multiple replication cycles

in Calu-3 cells. As shown in Fig 3, the CA/04+MAA and CA/04+SNA viruses grew to significantly

higher titers than the wild-type virus at 48 and 72 h post-infection (P< 0.01). This finding

indicates that sequential passage of the parental H1N1 virus in Calu-3 cells in the presence of

lectins promoted selection of variants with enhanced growth properties.

Sequence analysis of selected H1N1 variants

To identify amino acid changes acquired by the CA/04 virus after culture in the presence or

absence of lectins, we sequenced the complete genomes of our selected variants at the end of

the passaging protocol (Table 1). Sequence analysis mapped the acquired mutations to the

HA1 and NA proteins. A total of 4 amino acid substitutions and 1 nucleotide change were

identified. We found that passage of CA/04 in the presence of MAA resulted in development

of two mutations in HA1 (G155E and S183P, H1 numbering used throughout the text) and

one mutation in NA (G201E, N1 numbering used throughout the text). Sequence analysis of

the genome of the CA/04+SNA virus revealed three mutations in HA1 (N129D, G155E, and

S183P). The S183P HA1 mutation was selected when CA/04 was passaged in the absence of

lectins (Table 1). To determine if the amino acid changes identified in our CA/04+MAA, CA/

04+SNA, and CA/04+Calu-3 variants might also be present in other pandemic 2009 H1N1 iso-

lates, we analyzed ~26,695 H1N1 genomic sequences deposited in the Influenza Research

Database (data were obtained from the National Institute of Allergy and Infectious Diseases

(NIAID) database: www.fludb.org). The N129D or G155E HA1 amino acid substitutions were

relatively infrequent and they were present in ~0.4% of the related H1N1 strains in the Influ-

enza Research Database. In contrast, the number of human isolates expressing the S183P

mutation was ~ 5.4% between 2009 and 2011, and rapidly increased in 2017 up to ~36.4% (S2

Fig). The G201E NA mutation was found in ~0.1% of all H1N1 viruses examined.
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Fig 2. Antiviral activity of MAA (A), SNA (B), and combination of both lectins (C) against the CA/04, CA/

04+MAA, CA/04+SNA, and CA/04+Calu-3 viruses as determined by virus reduction assay in Calu-3 cells.

https://doi.org/10.1371/journal.pone.0195525.g002
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Effects of HA1 amino acid substitutions on receptor specificity

To determine if the HA1 mutations that we identified affect the affinity of HA for sialic recep-

tors, we examined the receptor specificity of three selected variants, CA/04+MAA, CA/04+SNA,

and CA/04+Calu-3, in comparison to the wild-type virus (Fig 4A). The chemical structures of

the sialic acid receptors are shown in S1 Table. All three variants showed significantly higher

binding to the extended version of the “human-type” receptor, YDS ("~6.8-fold, P< 0.05).

The CA/04+Calu-3 variant demonstrated higher affinity for 60SL receptor compared to the rest

of the viruses ("1.9-fold, P< 0.05). Based on the KA values, both the CA/04+MAA and CA/

04+SNA variants exhibited higher affinity for the major analog of the human receptor, 60SLN,

and its sulfated version, 6-Su-60SLN, compared to CA/04 and CA/04+Calu-3 ("4.1-fold,

P< 0.05).

Since the binding level to the “avian-type” receptor, 30SLN, was at the detection limit of our

assay among all tested viruses (data not shown) [12], we studied the binding pattern of the

H1N1 variants to 30SLN glycan in comparison with 60SLN in the presence of NA inhibitor,

zanamivir, using Biacore surface plasmon resonance biosensor (Fig 4B and 4C). Our data

showed that both the CA/04+MAA and CA/04+SNA variants had higher association rate

Fig 3. Replication of the CA/04, CA/04+MAA, CA/04+SNA, and CA/04+Calu-3 viruses in Calu-3 cells. The results are expressed as

log10PFU/ml from three to four independent experiments performed on different days. ˚P< 0.01, compared to the values for the

wild-type CA/04 virus.

https://doi.org/10.1371/journal.pone.0195525.g003

Table 1. Nucleotide and amino acid substitutions identified in selected H1N1 influenza viruses.

Proteins CA/04+MAA CA/04+SNA CA/04+Calu-3

HAa G155E, S183P N129D, G155E, S183P S183P

NAa G201E, A1026G – –

a H1 and N1 numbering.

Italic indicates nucleotide change.

https://doi.org/10.1371/journal.pone.0195525.t001
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Fig 4. (A) Receptor specificity of the CA/04, CA/04+MAA, CA/04+SNA, and CA/04+Calu-3 viruses. ˚P< 0.01,
�P< 0.05 in color, compared to the values for the wild-type CA/04 virus. ˚P< 0.01, �P< 0.05 in black, compared to

the values for the CA/04+Calu-3 virus. Biacore sensograms for CA/04, CA/04+MAA, CA/04+SNA, and CA/04+Calu-3

binding with 6’SLN- (B) or 3’SLN-immobilized sensor surface (C). Purified and concentrated viruses serially diluted

in HBS-P buffer in the presence of 5 mM zanamivir to a concentration range of 0.005–0.16 nM were applied over

immobilized glycans. Binding level (RU) at the highest virus concentration (0.16 nM) is shown. Association rate (kon)

and dissociation rate (koff) constants together with equilibrium association (KA) and dissociation (KD) constants (S2

Table) were calculated using BIAevaluation software 4.1.

https://doi.org/10.1371/journal.pone.0195525.g004
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constants of binding with 60SLN as compared to CA/04 and CA/04+Calu-3 (kon� 7.5 x 107 M-1

x s-1; S2 Table). However, since CA/04+SNA had a 15-fold lower dissociation rate constant (koff)

compared to CA/04+MAA, the CA/04+SNA virus showed higher equilibrium association con-

stant KA with 60SLN (Fig 4B, S2 Table). Importantly, we also observed that, whereas binding of

CA/04 and CA/04+Calu-3 with 30SLN was negligible, both CA/04+MAA and CA/04+SNA viruses

were able to bind the “avian-type” receptor. Moreover, CA/04+SNA exhibited ~188-fold higher

affinity (KA) for 30SLN compared to CA/04+MAA (Fig 4C, S2 Table).

Effects of HA1 amino acid substitutions on antigenicity and competition

between MAb 28668 and sialic receptors

Having identified HA1 mutations by in vitro selection that contributed to a change in receptor

specificity, we assessed their potential impact on antigenicity. We used goat and ferret antisera

and MAbs raised against a selection of human, pandemic, and swine H1 isolates to determine

the antigenic properties of the CA/04, CA/04+MAA, CA/04+SNA, and CA/04+Calu-3 viruses

(Table 2). None of the viruses reacted with the MAbs raised against 1918 pandemic or swine

H1 viruses (data not shown). The results of the HI assay showed that both CA/04+MAA and

CA/04+SNA variants had a reduced ability to react with goat and ferret antisera and two MAbs,

28665 and 28668, raised against the parental and closely related H1N1 strains (8- to 256-fold

differences compared to CA/04). CA/04+MAA and CA/04+SNA were not neutralized by these

MAbs in MN assay in MDCK cells (Table 2).

We next investigated whether differences in HI and MN titers between the wild-type and

CA/04+MAA and CA/04+SNA variants were due to a direct effect of the MAb binding. We mea-

sured the binding of the MAbs raised against the wild-type CA/04 virus to CA/04, CA/

04+MAA, CA/04+SNA, and CA/04+Calu-3 by ELISA. Two MAbs, 28666 and 28667, reacted

strongly with all four viruses (Fig 5A). The MAb 28665 demonstrated significant loss of bind-

ing to CA/04+MAA and CA/04+SNA, which was in a good correlation with the HI data (Table 2).

However, despite the fact that the MAb 28668 neither inhibited hemagglutination nor neutral-

ized CA/04+MAA and CA/04+SNA, this MAb did not recognize CA/04+MAA, but was able to

bind the CA/04+SNA variant in the ELISA assay.

We next performed competitive binding assays between the non-labeled MAb 28668 and

biotinylated polyvalent synthetic sialoglycoconjugates to determine if they were able to com-

pete for HA binding sites on the viral particle (Fig 5B). Since the MAb 28668 did not bind to

CA/04+MAA virus (Fig 5A), it was not able to compete with any of the tested sialic receptors,

and as a consequence, CA/04+MAA exhibited similar binding to all receptors with or without

the MAb. In contrast, since the MAb 28668 possessed high affinity for the wild-type CA/04

virus and CA/04+Calu-3, it efficiently displaced the majority of the receptor molecules from the

Table 2. Antigenic characterization of wild-type and selected H1N1 influenza viruses by hemagglutination inhibition and microneutralization assays.

H1N1 virus Titer

Goat antiserum against CA/04 Ferret antiserum against: MAbs against CA/04:

CA/04 A/CA/07/09 A/TN/1-560/09 28665 28666 28667 28668

CA/04 1280a 1280 1280 1280 6400a/6400b 51200/>204800 800/6400 12800/102400

CA/04+MAA 160 10 80 10 <200/<200 51200/>204800 400/6400 <50/<200

CA/04+SNA 160 10 160 10 <200/<200 51200/>204800 400/3200 50/200

CA/04+Calu-3 1280 1280 1280 1280 1600/6400 51200/>204800 400/3200 12800/51200

a Values are expressed as reciprocals of serum/antibody dilutions that inhibited 8 hemagglutination units of H1N1 influenza virus.
b Neutralizing antibody titers (arithmetic mean) to H1N1 viruses were titrated in MDCK cells.

https://doi.org/10.1371/journal.pone.0195525.t002
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Fig 5. (A) Binding of CA/04, CA/04+MAA, CA/04+SNA, and CA/04+Calu-3 by a panel of MAbs specific for HA1 of the

wild-type CA/04 virus. Optical density values generated with mutant viruses were normalized to those of CA/04. (B)

Receptor-binding activity of CA/04, CA/04+MAA, CA/04+SNA, and CA/04+Calu-3 in competitive reaction with

biotinylated polyvalent synthetic sialoglycoconjugates and the MAb 28668. Optical density values for each virus were

normalized to the respective values in the absence of the MAb.

https://doi.org/10.1371/journal.pone.0195525.g005
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viral binding sites, except Neu5AcBn receptor. However, despite the fact that the MAb 28668

bound to the CA/04+SNA variant, it was unable to displace any of the receptor from the CA/

04+SNA HA binding sites, and moreover, it unexpectedly increased binding to the Neu5AcBn

polymer (Fig 5B).

Effects of NA amino acid substitutions on NA activity and specificity

To evaluate the impact of the G201E mutation identified in the CA/04+MAA variant on NA

enzyme activity, we determined the NA enzyme Km and Vmax values for the CA/04 and CA/

04+MAA viruses using fluorogenic MUNANA as a substrate. We observed that although the

G201E mutation had no effect on the Km value, it decreased NA enzyme activity (Vmax ratio

relative to the wild-type virus = 0.4; Fig 6 and Table 3). We next used Biacore surface plasmon

Fig 6. NA enzyme kinetics of the CA/04 and CA/04+MAA viruses. Substrate conversion velocity (Vi) of NA was measured as a function of substrate

concentration.

https://doi.org/10.1371/journal.pone.0195525.g006

Table 3. Enzymatic properties of the neuraminidase of recombinant H1N1 influenza viruses.

Viruses Vmax (μM/min)a Km (μM)b

CA/04 0.70 ± 0.02 34.35 ± 3.77

CA/04+MAA 0.31 ± 0.01 29.89 ± 2.74

a The Vmax was calculated using a nonlinear regression of the curve according to the Michaelis-Menten equation.
b The Km represents the Michaelis-Menten constant (μM) at which the reaction rate is half of Vmax. The enzyme

kinetic data were fit to the Michaelis-Menten equation using GraphPad Prism, version 6.0. Values are the

means ± standard deviations from three independent determinations.

https://doi.org/10.1371/journal.pone.0195525.t003
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resonance to study the binding of the H1N1 viruses to 60SLN and 30SLN in the presence of

uninhibited NA (S3 Fig and S3 Table). Our results showed a decrease in association rate con-

stants (kon), a concomitant increase in dissociation rate constants (koff), and, as a consequence,

a significant decrease in equilibrium association constants (KA) compared to the respective

values measured when NA protein was inhibited (S2 Table). The only H1N1 variant which

demonstrated almost similar kon, koff, and KA values determined with and without zanamivir

was the CA/04+MAA virus bound to 30SLN glycan (S2 and S3 Tables). Thus, our data indicate

that the N1 NA carrying mutation, G201E, reduced NA ability to cleave 30SLN glycan immobi-

lized on the sensor surface, clearly suggesting that the catalysis of 30SLN was diminished by the

mutant N1 protein.

Carbohydrate-binding specificities of the MAA and SNA lectins

Previous studies demonstrated that the technical specifications provided by commercial ven-

dors sometimes cite lectin binding specificities that differ from those defined in direct scien-

tific studies [21–23]. Since our results showed that viruses cultured in the presence of either

lectin exhibited markedly reduced sensitivity to both lectins, which may be explained by

actual lectin binding properties, we examined the carbohydrate specificities of both the MAA

and SNA lectins used in this study by Biacore surface plasmon resonance (Fig 7). We found

that, in contrast to the vendor’s specification for α2,3-linked SAs, MAA bound both 30SLN

and 60SLN glycans (KD = 0.18 μM for 60SLN; KD = 4.95 μM for 30SLN). This finding is in

agreement with the previous study by Nicholls et al. [23], which showed that EY Laboratories,

Inc. provides an undefined mixture of Maackia amurensis agglutinin MAA containing

unequal amounts of MAA-1 and MAA-2. MAA-1 binds to terminal Siaα2-3Galβ1-4GlcNAc

moieties on N-linked glycans, and MAA-2 has specificity for O-linked glycans containing the

trisaccharide Siaα2-3Galβ1-3GalNAc [21,23]. Since Calu-3 cells were reported to have a high

abundance of O-linked α2,3 SAs [24], these sialic receptors should be masked after MAA

treatment containing the MAA-2 isoform. Furthermore, our data corroborated with the data

posted on the public website of the Consortium for Functional Glycomics (http://www.

functionalglycomics.org/), which demonstrated that MAA from EY Laboratories, Inc. can

also bind α2,6-linked glycans. Using Biacore surface plasmon resonance, we observed that

SNA lectin exhibited single α2,6-linked SA carbohydrate-binding specificity (KD = 0.12 μM;

Fig 7A).

Discussion

The 2009 pandemic H1N1 strain, CA/04, was isolated from a pediatric patient with uncompli-

cated upper respiratory tract illness, and infections with this virus have been mostly mild [11].

Mortality was usually associated with high risk groups, including those with chronic lung and

heart conditions, obesity, and pregnancy [25,26]. However, some deaths have occurred in indi-

viduals with no known underlying conditions, and recovery of some critically ill children has

resulted in neurological sequelae [26,27]. Recent studies demonstrated that HA receptor bind-

ing to α2,3-linked SAs, which is predominantly present in the human lower respiratory tract,

is necessary for increased virulence in mice and possibly in humans [28,29]. Therefore, exten-

sive circulation of 2009 pandemic H1N1 viruses raises the concern of a potential shift toward

α2,3-linked “avian-like” receptor specificity. In this study, we applied an in vitro selection

approach using two plant lectins, MAA and SNA, that bind to glycolipids and glycoproteins

containing SA α2,3 or α2,6 configurations, to understand the potential for genetic changes of

the 2009 pandemic H1N1 virus to increase HA receptor binding toward α2,6- or α2,3-linked

glycans.
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Fig 7. MAA and SNA binding towards 60SLN (A) and 30SLN (B) glycans as determined by Biacore surface plasmon resonance.

https://doi.org/10.1371/journal.pone.0195525.g007
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Our in vitro selection study led to the identification of three amino acid substitutions in the

HA protein (N129D, G155E, and S183P) that affected the H1 HA receptor binding specificity.

The N129D mutation is located outside the major antigenic site, Sa, where the amino acid 155

was previously mapped to. The S183P mutation is located within the receptor-binding site,

and overlaps with antigenic site, Sb [29,30]. Due to the lack of suitable recombinant H1N1

viruses carrying the single HA1 mutations identified here, it is not yet known which amino

acid substitutions or combinations of substitutions are necessary for altering the CA/04 recep-

tor specificity properties. However, having three mutant viruses, CA/04+MAA, CA/04+SNA, and

CA/04+Calu-3 that differ from each other only by the presence of one HA1 substitution, made it

possible to examine the role of three single amino acid changes. The S183P mutation signifi-

cantly increased binding to a number of α2,6 SA-linked receptors, including YDS, 60SL(N),

and 6-Su-60SLN. However, CA/04+Calu-3 carrying a single S183P mutation did not show higher

replication titers in Calu-3 cells compared to the wild-type CA/04. These results correlate with

the previously published findings by O’Donnell et al. [29], and suggest that enhanced “human-

like” receptor specificity provides only a minor difference in viral fitness in vitro between CA/

04 and the mutant CA/04+Calu-3 virus. Two other changes, N129D and G155E, were sufficient

to significantly increase binding to α2,6-linked glycans, 60SLN and 6-Su-60SLN, compared to

S183P. Notably, we were able to demonstrate that these HA1 mutations can also increase bind-

ing affinity for “avian-like” 30SLN glycan compared to the wild-type and CA/04+Calu-3 viruses

using highly sensitive Biacore method. Our findings showed that blocking of the cellular gly-

cans by MAA and SNA lectins with dual and single carbohydrate specificities, respectively,

results in the selection of the H1N1 variants with enhanced receptor affinity for both “human-

type” and “avian-type” receptors.

Given that positions 129, 155, and 183 are located within or in close proximity to the recep-

tor-binding pocket and major H1 HA antigenic sites, it was anticipated that these mutations

would not only modulate receptor binding, but also antigenicity. Our binding analysis demon-

strated that, despite the absence of antibody selection, two out of three mutations modified

HA antigenicity. The G155E change completely abrogated binding by MAbs 28665 and 28668,

and the N129D mutation diminished binding by MAb 28665, but increased affinity to MAb

28668 relative to G155E. Our studies identified N129D and G155E as antigenic mutations.

Our findings are consistent with the study by O’Donnell et al. [29], and confirmed that the

S183P was an absorptive mutation. The results of our competitive ELISA between MAb 28668

and biotinylated glycans showed that MAb 28668 is incapable of competing with all of the sia-

lyloligosaccharides that we tested. Despite being neutralized by MAb 28668, CA/04 and CA/

04+Calu-3 were able to bind Neu5AcBn glycan in the presence of this antibody. In contrast, CA/

04+SNA bound all sialic receptors in the presence of MAb 28668, and moreover, this virus was

able to bind Neu5AcBn to a greater extent in the presence of this antibody than in the absence

of this antibody. The loss of competition between the antibody and glycans resulted in a loss of

virus neutralization by MAb 28668. Thus, the N129D mutation present only in the CA/04+SNA

virus may provide an advantage in overcoming the neutralizing effects of antibody by allowing

and/or increasing recognition of host cell receptors even in the presence of such antibodies.

Amino acid changes of the same residues (155 and 183) occurred in the pandemic CA/04

strain in four independent studies either by selection in human airway epithelial cells, mice, or

by human antibody [12,28–30]. This indicates that the emergence of these two HA1 mutations

is not due to random fluctuation, but rather reflects their positive selection. The 183P residue

is common among classical swine and human seasonal influenza viruses isolated from 1998 to

2007, and it was also conserved in the 1918 pandemic H1N1 virus [29]. According to previous

studies, the S183P mutation enhances virulence by altering binding to SA receptors in a mouse

animal model [28–30]. While it is unknown whether 183P has an effect on virulence in
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humans, the high frequency of the S183P mutation in contemporary H1N1 viruses in 2017

suggests that this mutation is being strongly selected for in humans.

Our findings indirectly support the hypothesis proposed by Hensley et al. [31] that anti-

genic drift can be a product of Darwinian selection of mutations throughout the HA1 globu-

lar domain that optimize host cell receptor binding avidity, many of which simultaneously

alter antigenicity. Our data suggest that influenza virus favors HA1 substitutions that simul-

taneously change cellular receptor binding and antigenic reactivity. Such HA1 changes are

dictated at least in part by HA1 charge and other physical and chemical properties of the gly-

coprotein. Additionally, our data indicate that HA1 changes with pleiotropic effects involved

in antigenic drift can affect functional match between two influenza surface glycoproteins

[2,9,10]. Indeed, we observed that the CA/04+MAA virus acquired binding affinity toward

“avian-like” 30SLN glycan; however, the biological significance of the increase in 30SLN bind-

ing remains to be determined. On the other hand, CA/04+MAA acquired the G201E NA muta-

tion, which decreased NA activity in catalyzing 30SLN and led to efficient virus attachment to

this particular sialic receptor. Thus, the G201E NA change compensated for the G155E HA1

mutation and provided an advantage for CA/04+MAA virus growth due to functional compat-

ibility between HA and NA proteins. Our results demonstrate the association between HA1

antigenic changes involved in receptor binding and their modulation of the functional bal-

ance between HA and NA.

In conclusion, we have shown that the pandemic CA/04 (H1N1) virus can acquire

enhanced receptor affinity for both “human-type” and “avian-type” SA receptors under lectin

selective pressure. Such changes in binding affinity are conferred by selection of beneficial

HA1 mutations affecting receptor specificity, antigenicity, and/or functional compatibility

with the NA protein. It is worth noting, that since one of the new therapeutic strategies to con-

trol influenza is masking SA receptors [32,33] from the epithelial surface, such approach might

result in enhanced viral receptor specificity to the masked receptors. We consider that the

tracking of such changes on the HA1 molecule is important for prediction of possible evolu-

tionary changes of the pandemic H1N1 viruses toward a potentially more virulent form.

Supporting information
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