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Abstract

Antibodies to neuraminidase (NA), the second most abundant surface protein of the influenza 

virus, contribute to protection against influenza virus infection. Although traditional and 

miniaturized thiobarbituric acid (TBA) neuraminidase inhibition (NI) assays have been 

successfully used to characterize the antigenic properties of NA, these methods are cumbersome 

and not easily amendable to rapid screening. An additional difficulty of the NI assay is the 

interference by hemagglutinin (HA)-specific antibodies. To prevent interference of HA-specific 

antibodies, most NI assays are performed with recombinant viruses containing a mismatched HA. 

However, generation of these viruses is time consuming and unsuitable for large-scale 

surveillance. The feasibility of using the recently developed enzyme-linked lectin assay (ELLA) to 

evaluate the antigenic relatedness of NA of wild type A(H3N2) viruses was assessed. Rather than 

using recombinant viruses, wild type A(H3N2) viruses were used as antigen with ferret sera 

elicited against recombinant viruses with a mismatched HA. In this study, details of the critical 

steps that are needed to modify and optimize the NI ELLA in a format that is reproducible, highly 

sensitive, and useful for influenza virus surveillance to monitor antigenic drift of NA are provided.
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1. Introduction

Influenza vaccines reduce the morbidity and mortality associated with annual influenza 

epidemics. The seasonal influenza vaccine is designed to protect against circulating 

influenza A H1N1 viruses (A(H1N1)), influenza A H3N2 viruses (A(H3N2)), and influenza 
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B viruses. The influenza virus escapes host immunity through mutations in the major surface 

glycoproteins hemagglutinin (HA) and neuraminidase (NA). This process is known as 

antigenic drift (Schild et al., 1974; Webster et al., 1982) and as a result of this drift, the 

influenza vaccine has to be updated frequently. In the period from 1999 to 2010, the 

A(H3N2) virus component was updated 6 times (Barr et al., 2010). Recently, it has been 

shown that only few mutations near the receptor-binding site of HA are responsible for 

antigenic drift of A(H3N2) viruses circulating between 1968 and 2003 (Koel et al., 2013). 

For NA, a number of antigenic sites have been described (Air et al., 1985). These antigenic 

regions surround the enzyme's active site (Colman et al., 1983, 1987) and are highly 

variable, most likely due to immune pressure (Laver et al., 1982; Luther et al., 1984). 

Influenza virus surveillance by national influenza centers is done year-round (Russell et al., 

2008; Barr et al., 2010). Representatives of the predominant circulating viruses are sent to 

the World Health Organization (WHO) Collaborating Centers. These centers characterize 

the viruses by sequencing the HA and NA genes and performing hemagglutination 

inhibition (HI) assays (Barr et al., 2010). During vaccine strain selection, the main focus is 

on the genetic and antigenic characterization of HA (Fiore et al., 2010).

Influenza viruses attach to the host cell surface via binding of the HA to sialic acid-

containing receptors (Sauter et al., 1989). The enzymatic activity of NA allows virus release 

from the cell (Palese et al., 1974; Palese and Compans, 1976; Liu et al., 1995) by cleaving 

the sialic acid residues from the newly formed virus particles and from the host cell (von 

Itzstein, 2007). Preclinical and clinical studies showed that NA-specific immunity can 

reduce the severity of disease (Schulman et al., 1968; Murphy et al., 1972; Couch et al., 

1974; Kilbourne, 1976; Johansson et al., 1993; Brett and Johansson, 2005). Antibodies 

directed toward NA inhibit release and spread of newly formed virus particles from infected 

cells (Compans et al., 1969). The antigenic drift of NA does not closely correspond to that of 

HA (Schulman and Kilbourne, 1969; Kilbourne et al., 1990; Sandbulte et al, 2011). 

Considering these findings, investigating options to include routine analysis of NA during 

vaccine strain selection next to HA seems to be warranted.

Antigenic characterization of NA can be performed using NA inhibition (NI) assays to 

determine the extent of antibody-mediated interference with enzyme activity (Kilbourne et 

al., 1968). These assays rely on the enzymatic sialidase activity by measuring cleavage of 

sialic acid from highly glycosylated proteins such as fetuin. The NI thiobarbituric acid 

(TBA) assay (Warren, 1959; Webster and Laver, 1967) is based on the detection of free 

sialic acid. This assay is recommended by the WHO (Cox et al., 2002), but the use of large 

volumes of hazardous chemicals and laborious procedures has impeded antigenic 

characterization of NA during influenza virus surveillance. A simplified and miniaturized 

version of the TBA was developed (Sandbulte et al., 2009), but this assay still remains 

cumbersome. The recently developed enzyme-linked lectin assay (ELLA) (Lambre et al., 

1991; Cate et al., 2010; Couch et al., 2012, 2013; Fritz et al., 2012; Couzens et al., 2014) 

also relies on the sialidase activity of NA, but instead of measuring free sialic acid, it detects 

the terminal galactose that becomes exposed after sialic acid cleavage by NA.

A complication of NI assays is the interference of HA-specific antibodies that block NA 

activity non-specifically when they bind to HA (Schulman and Kilbourne, 1969). 
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Recombinant influenza viruses with a heterologous HA are commonly used for NI assays. 

Antibodies directed toward the H1 or H3 HA of A(H1N1) and A(H3N2) viruses do not 

cross-react with a heterologous HA (e.g. H6), and hence only the interaction between NA 

and NA-specific antibodies is measured (Couzens et al., 2014). However, the generation of 

recombinant viruses is time-consuming for large numbers of viruses and therefore this 

method is not suitable for large-scale surveillance of antigenic drift of circulating influenza 

viruses. For analysis of the antigenic drift of NA, it would be ideal to have the capability of 

using wild type viruses as antigen in assays that are not impacted by non-specific inhibitors, 

including antibodies to HA.

In this study, optimized methods to enable rapid antigenic characterization of NA, with wild 

type viruses as antigen, are described. Since the ELLA is less laborious and shows a good 

correlation to the miniaturized TBA (Fritz et al., 2012), this assay was selected as a 

platform. To prevent interference by antibodies directed against HA of wild type A(H3N2) 

viruses, ferret sera were raised against recombinant influenza A H7N2 viruses (A(H7N2)) 

viruses that contain the NA of various A(H3N2) viruses. Through this approach it is possible 

to screen wild type viruses, thus preventing the time-consuming generation of recombinant 

viruses or proteins for each virus of interest. Reproducibility and sensitivity of the NI assay 

were highest using virus concentrations that resulted in ∼50% of total NA activity of that 

virus. Non-specific inhibition of ferret sera was observed for some wild type viruses, 

especially A(H3N2) viruses, but the critical steps to overcome this non-specific inhibition 

and obtain reproducible and highly sensitive results are also described.

2. Materials and methods

2.1. Cells

Madin-Darby canine kidney (MDCK) cells were cultured in Eagle's minimal essential 

medium (EMEM, Lonza, Breda, The Netherlands) supplemented with 10% fetal bovine 

serum (FBS, Sigma-Aldrich, St. Louis, MO, USA), 100U/ml penicillin (Lonza), 100U/ml 

streptomycin (Lonza), 2mM glutamine (Lonza), 1.5mg/ml sodium bicarbonate (Lonza), 

10mM HEPES (Lonza), and non-essential amino acids (MP Biomedicals, Europe, Illkirch, 

France).

293T cells were cultured in Dulbecco's modified Eagle's medium (DMEM, Lonza) 

supplemented with 10% FBS, 100U/ml penicillin, 100U/ml streptomycin, 2mM glutamine, 

1mM sodium pyruvate (Life Technologies, Bleiswijk, The Netherlands), 500 μg/ml 

geneticin (Life Technologies) and non-essential amino acids.

2.2. Plasmids

The NA gene segments of A(H3N2) viruses A/Bilthoven/21793/ 1972 (BI/72); A/Bilthoven/

1761/1976 (BI/76); A/Netherlands/233/ 1982 (NL/82); A/Netherlands/823/1992 (NL/92); A/

Netherlands/ 178/1995 (NL/95); A/Netherlands/69/2009 (NL/09) and the HA and NA gene 

segments of A(H2N2) viruses A/Netherlands/M1/1957 (NL/57) and A/Netherlands/B1/1968 

(NL/68) were amplified by reverse transcription polymerase chain reaction (RT-PCR) and 

cloned in a modified version of the bidirectional reverse genetics plasmid pHW2000 

(Hoffmann et al., 2000; de Wit et al., 2004). To reduce pathogenicity, the multibasic 
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cleavage site (MBCS) was removed from the bidirectional reverse genetics HA plasmid of 

the highly pathogenic avian A(H7N7) virus (A/Netherlands/33/03) (de Wit et al., 2010). 

This was done using the QuikChange multi-site-directed mutagenesis kit (Stratagene, 

Huissen, The Netherlands) according to the instructions of the manufacturer with specific 

primers (available from the authors upon request). The plasmids encoding the internal genes 

of A/Netherlands/219/03 (H7N7) have been described previously (de Wit et al., 2010).

The accession numbers that were used are as follows: for NA, CY112307, CY113199, 

CY114439, CY113735, CY116590, CY113023, KM402803, and KM402811; for HA, 

KM402801 and KM402809.

2.3. Viruses

All human and recombinant influenza A viruses were propagated at 37 °C and influenza B 

viruses at 33 °C in MDCK cells in EMEM supplemented with, 100U/ml penicillin, 100U/ml 

streptomycin, 2mM glutamine, 1.5 mg/mlsodium bicarbonate, 10mM HEPES, non-essential 

amino acids and 1 μg/ml L-1-tosylamide-2-phenylethyl chloromethyl ketone-treated trypsin 

(Sigma-Aldrich, Zwijndrecht, The Netherlands). Avian influenza viruses were propagated in 

11-day old embryonated chicken eggs. All viruses were harvested 48 h post-inoculation and 

cell debris was removed by centrifugation for 15min at 3000 rpm. Supernatant was either 

immediately stored in suitable aliquots at -80 °C or, if needed, after concentration using an 

Amicon Ultra-15 Centrifugal Filter (Millipore, Amsterdam, The Netherlands).

Recombinant A(H2N2) and A(H7N2) viruses were generated by reverse genetics using 

transient calcium phosphate-mediated transfections of 293T cells as described previously 

(de Wit et al., 2004). A(H2N2) viruses were generated with plasmids carrying the HA and 

NA gene segments of A(H2N2) viruses (NL/57 or NL/68) and the six remaining gene 

segments of A/Puerto Rico/8/1934 (H1N1) under biosafety level 2 (BSL-2) conditions. 

A(H7N2) viruses were generated under biosafety level 3 (BSL-3) conditions with plasmids 

carrying the HA gene segment of A/Netherlands/33/03 (H7N7) without the MBCS, the 

internal gene segments of A/Netherlands/219/03 (H7N7) (de Wit et al., 2010), and one of 

the following NA gene segments of A(H3N2) viruses: A/Bilthoven/16190/1968 (BI/68) 

(Schrauwen et al., 2011); BI/72; BI/76; NL/82; NL/92; NL/95; A/Netherlands/213/2003 

(NL/03) (Chutinimitkul et al., 2010); NL/09; and A(H2N2) viruses: NL/57 or NL/68. The 

supernatant of the transfected cells was harvested 48 h post-transfection and was passaged 

twice on MDCK cells. MDCK passage 2 supernatant was harvested 48 h post-inoculation 

and cell debris was removed by centrifugation for 15 min at 3000 rpm and immediately 

stored in suitable aliquots at −80 °C.

2.4. Generation of ferret sera

Male ferrets (1 year old, 0.8–1 kg) were inoculated intranasally with 1 ml of A(H7N2) virus 

containing MDCK passage 2 supernatant under animal BSL-3 conditions. Sera were 

collected 2 weeks post-inoculation. RNA was isolated from ferret sera and RT-PCR was 

performed as described previously (Fouchier et al., 2000) to detect A(H7N2) virus. Once 

absence of viral RNA was confirmed, sera were stored in suitable aliquots at −20°C. The 

independent animal experimentation ethical review committee “Stichting DEC Consult” 
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approved all animal protocols (Erasmus MC permit number EMC 2617), and experiments 

were performed in compliance with Dutch and European guidelines for animal 

experimentation.

Unless noted otherwise, sera for the NI ELLA were treated with Burnet's receptor destroying 

enzyme (RDE) filtrated from cultures of Vibrio cholerae (Burnet and Stone, 1947). Sera 

were incubated overnight at 37 °C in a ratio of 1:6 with a 10-fold dilution of RDE in 

Dulbecco's phosphate-buffered saline (DPBS) containing 0.133 g/L CaCl2 and 0.1 g/L 

MgCl2 with 1% Bovine Serum Albumin (BSA) solution (Sigma–Aldrich) and 0.05% Tween 

20 (Sigma–Aldrich, DPBSTBSA), followed by heat inactivation at 56 °C for 8 h.

2.5. ELLA and NI ELLA

The principals of the NI ELLA described by Lambre et al. (1991) and Cate et al. (2010) 

were optimized for rapid antigenic analysis of wild type viruses. Stock solutions of fetuin 

were made by dissolving fetuin from FBS (Sigma–Aldrich) in Coating Solution Concentrate 

(tebu-bio, Heerhugowaard, The Netherlands) to a concentration of 25 mg/ml. Fetuin was 

further diluted to a concentration of 25 ug/ml in Coating Solution Concentrate and used to 

coat Nunc-Immuno™ MicroWell™ 96 well solid plates (100 μl/well; Sanbio, Uden, The 

Netherlands) at 4 °C for at least 24 h. Aliquoted fetuin (25 mg/ml) could be stored for at 

least 6 months at −20 °C and coated plates could be stored for at least 2 months at 4 °C 

without a significant decrease in reactivity.

The ELLA was used to determine the optimal amount of each virus (antigen) for routine 

serology. Twofold serial dilutions of the antigens were made in DPBSTBSA. Fetuin-coated 

plates were washed 3 times in 0.1 M phosphate buffered saline (PBS, pH 7.4) with 0.05% 

Tween 20 (PBST, Sigma–Aldrich). Fifty microliter of the serial dilutions was transferred to 

duplicate fetuin-coated plates containing 50 μl DPBSTBSA. Plates were sealed and incubated 

at 37 °C for 16–18 h. The plates were subsequently washed six times with PBST, and 100 

μl/well of and optimized dilution of horseradish peroxidase-conjugated peanut agglutinin 

lectin (PNA-HRPO, Sigma–Aldrich) in DPBS containing 0.133 g/L CaCl2 and 0.1 g/L 

MgCl2 with 1% BSA(DPBSBSA) was added. The optimal PNA-HRPO concentration is the 

concentration that gives the maximal signal in ELLA assays that allowed complete digestion 

of sialic acid from fetuin. PNA-HRPO could be stored at −20 °C in DPBSBSA for a 

maximum of one month, without loss of signal intensity. Plates were incubated at room 

temperature for 2 h followed by washing three times with PBST. O-Phenylenediamine 

dihydrochloride (OPD, Sigma–Aldrich) substrate was freshly prepared following the 

manufacturer's instruction and added to the plate (100 μl/well). The reaction was stopped 

after 10 min by the addition of stop solution (0.5 M H2SO4, 100 μl/well). The plates were 

read at 490 nm (OD490) for 0.25 s using an Infinite 200 96-well plate reader (Tecan, 

Giessen, The Netherlands). The mean background (Abkg) value was established for each 

plate using at least four wells that were treated identically to test wells, but in the absence of 

antigen. The NA activity was determined by subtracting the background value from the test 

well values (Atest) i.e. (Atest−Abkg). Next the NA activity was plotted against the antigen 

dilutions. Unless noted otherwise, the dilution of antigen that resulted in 50% of total NA 

activity but with an OD490 >0.75 was selected to subsequently perform the NI ELLA.
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For the NI ELLA, serum samples were serially diluted (twofold) in DPBSTBSA and 

incubated in duplicate fetuin-coated plates with an equal volume (50 μl) of the selected 

antigen dilution in DPBSTBSA. These plates were subsequently sealed and incubated for 16–

18h at 37 °C. Incubation with PNA-HRPO, the addition of substrate, stop buffer and 

subsequent absorbance measurements were performed as described above for the ELLA. 

The NI titers were calculated as follows, first the mean background was subtracted from the 

absorbance of the test wells and the wells that contained antigen but not ferret serum 

(positive control, Apos). Next, the percentage of NA activity was calculated by dividing the 

mean absorbance of test wells by the mean absorbance of positive control wells and 

multiplied by 100, i.e. (Atest−Abkg)/(Apos−Abkg) × 100. Finally, to determine the percentage 

of NA inhibition, the percentage of activity was subtracted from 100. The NI titers were 

defined as the reciprocal of the last dilution that resulted in at least 50% inhibition. When the 

duplicate titers were different, the geometric mean titers were calculated. An assay was 

considered valid if the NI titers of control sera run in separate plates and assays using the 

same conditions yielded similar titers (titer < twofold difference). The OD490 values of the 

duplicates did not vary more than 20%.

2.6. Hemagglutination inhibition assay

HI titers were determined using standard procedures (Hirst, 1943). In brief, antisera were 

pre-treated overnight with RDE at 37 °C and heat inactivated at 56 °C for 1 h. Twofold 

serial dilutions of RDE-treated antisera (in 50 μl), starting at a 1:20 dilution, were incubated 

with 25 μl of four HA units of each virus, and incubated at 37 °C for 30 min. Next, 25 μl of 

1% turkey erythrocytes were added, followed by an 1 h incubation at 4 °C. The reciprocal of 

the last serum dilution that was able to block the agglutination of the turkey erythrocytes 

was recorded as the HI titer.

3. Results

3.1. Principles of the ELLA and NI ELLA

The ELLA measures the enzymatic activity of NA by detecting desialylation of the highly 

glycosylated fetuin by NA. PNA-HRPO is used to detect the terminal galactoses that 

become exposed after desialylation of fetuin by NA. The intensity of the signal after 

addition of the substrate is dependent on the level of desialylation and thus NA activity. In 

the NI ELLA, binding of NA by specific antibodies will inhibit the enzymatic function of 

NA and result in a reduction of desialylation and, hence, in a reduction of the signal. An 

illustration of the ELLA and NI ELLA principles is shown in Fig. 1. To enable rapid 

antigenic characterization of the NA of wild-type human A(H3N2) viruses, monospecific 

ferret antisera raised against recombinant viruses with a mismatched HA were generated. 

These recombinant A(H7N2) viruses contain the NA of A(H3N2) viruses and the HA and 

internal gene segments of an A(H7N7) virus. Therefore the HA-specific antibodies present 

in the ferret sera will not interfere with wild type A(H3N2) viruses in the NI assay. The 

A(H7N7) virus was selected for its ability to replicate efficiently in ferrets, thereby 

producing high levels of antibodies, but in principle other influenza virus subtypes can be 

used.
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3.2. Assay suitability with different influenza subtypes

A panel of avian and human influenza viruses was tested in the ELLA and NI ELLA (Table 

1) to evaluate the use of wild type viruses as antigens. First, the ELLA was conducted to 

determine the NA activity for each antigen at different concentrations. Next, the NI ELLAs 

were conducted using the antigen concentration that gave 50% of the maximal NA activity. 

However, when these viruses were tested against naïve ferret sera there was already an 

inhibitory effect of the sera observed for some of these viruses. This inhibitory effect was 

highest for human A(H3N2) and avian A(H4N2) viruses (Table 1).

3.3. Treatment of serum to eliminate non-specific inhibition of NA activity

Several options were investigated to eliminate the non-specific inhibitory effect of sera used 

in the NI ELLA: purification of (anti)serum, sucrose-gradient purification of viruses, 

commercial V. cholerae neuraminidase (VCNA, Sigma–Aldrich) or RDE treatment of sera, 

and harvesting virus stocks at varying times after inoculation. VCNA and RDE treatment 

eliminated most of the non-specific inhibition, whereas the other approaches were 

unsuccessful (data not shown). Sera used in the HI assay are treated with RDE, followed by 

heat inactivation at 56 °C to inactivate non-specific inhibitors (Cox et al., 2002). Similar 

inhibitors may explain the inhibitory effect of naïve ferret sera in the NI ELLA.

Similar to NA, RDE is a neuraminidase and should therefore be inactivated before use in the 

NI assay. RDE-treated sera were heat inactivated at 56 °C for 1, 2, 4 and 8h and tested in the 

ELLA for residual neuraminidase activity of the RDE (data not shown). At least 4h of heat 

inactivation at 56 °C was required to eliminate neuraminidase activity of RDE.

Next, untreated and RDE-treated sera were compared in the NI ELLA (Fig. 2). Although the 

inhibitory effect of naïve ferret serum was eliminated upon treatment with RDE for 16 h and 

heat inactivation at 56 °C for 8 h, the specific inhibitory effect of antisera targeted to the N2 

antigen was still present. To test the effect of the duration of the heat treatment on 

antibodies, a panel of anti-A(H7N2) sera were treated with RDE and subjected to various 

durations of heat inactivation at 56 °C. These sera were tested in NI ELLA and HI assay 

(Table 2). Each serum was tested against the homologous recombinant A(H7N2) virus in the 

HI assay. The same sera were tested against their N2-homologous recombinant A(H2N2) or 

wild type A(H3N2) viruses in the NI ELLA. The duration of heat inactivation after the RDE 

treatment did not affect the HI and NI titers.

Thus, RDE treatment followed by heat inactivation at 56 °C for 8 h was sufficient to 

inactivate RDE activity without affecting the HI and NI titers of ferret antisera. Therefore, 

ferret sera treated with RDE and heat-inactivated at 56 °C for 8 h was subsequently used for 

the NI ELLAs.

3.4. Assay sensitivity and reproducibility

The optimal amount of antigen to use in the NI ELLA was also determined. First A(H3N2) 

wild type viruses were titrated and measured in the ELLA. Most of these titration curves 

were sigmoidal, with a maximum signal of 3.0 and background of <0.2 at OD490. Two 

viruses, NL92 and NL/95, were tested in the NI ELLA at concentrations that spanned the 
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antigen titration curve. Each twofold dilution of the antigen (virus) was tested with 

monospecific ferret antisera directed against the homologous N2 (Fig. 3A and B) and NL/95 

was also tested against two heterologous N2 (Fig. 3C and D). The NI titer was dependent on 

the amount of N2 antigen, with low NI titers upon use of high amounts of N2 antigen, and 

high NI titers upon use of low amounts of N2 antigen. However, a minimal difference in NI 

titer was observed when the N2 antigen concentrations were within the linear trajectory of 

the titration curve, which represents approximately 21–87% of total NA activity. This 

corresponded to an NA activity (OD490) between approximately 0.6–2.5. Therefore, to 

standardize the amount of N2 antigen in the assay, a dilution of virus that resulted in 50% 

(minimum of 25% and maximum of 75%) of total NA activity was selected for the NI 

ELLA. The virus dilutions that were needed to reach 50% of total NA activity ranged from 

2- to 2000-fold. It should be noted that HA titers do not necessarily correlate with NA titer, 

and can therefore not be used as an indicator for antigen dilution.

For viruses that gave low total NA activity, the amount of N2 antigen within the linear 

trajectory but with a minimum NA activity of >0.75 (OD490) was selected. If the total NA 

activity was lower than 0.75 (OD490), viruses were concentrated and retested to ensure a 

robust measurement of NA activity inhibition.

The assay variability was assessed for NI ELLAs conducted on different plates and different 

days (data not shown). The results obtained on different days showed high correlation (R2 = 

0.88) and the largest difference observed for individual samples was fourfold.

The titration of the viruses in the ELLA as well as the NI ELLA take 2 days to perform. 

Once titrated in the ELLA, the aliquoted viruses can be used in multiple NI ELLAs without 

the need for re-titration. A maximum of 20 plates (10 viruses measured in duplicate against 

eight antisera) or 60 plates (30 viruses measured in duplicate against eight antisera) can be 

performed by one or by two people, respectively.

3.5. Specificity of the NI ELLA

To test the specificity of the NI ELLA (Lambre et al., 1991) for antigenic characterization of 

wild type human A(H3N2) viruses, representative N2 antigens of the entire period of 

circulation of A(H2N2) and A(H3N2) viruses were selected. With these N2 antigens, 

recombinant A(H7N2) viruses with the internal genes of A/Netherlands/219/03 (H7N7) and 

the HA the A/Netherlands/33/03 (H7N7) were generated. The MBCS of the HA was 

removed to decrease pathogenicity. Monospecific ferret antisera elicited against these 

recombinant A(H7N2) viruses were obtained and tested against homologous and 

heterologous N2 antigens (Table 3). Homologous titers were highest for each antigen and 

ranged from 320 to >10,240. Heterologous titers ranged from <20 to >10,240, and showed 

time dependence. For example, ferret anti-NL/57 did not recognize NL/09 virus (NI titer = 

<20), but did recognize BI/68 virus (NI titer = 5120); ferret anti-NL/09 did not recognize 

NL/57 virus (NI titer = <20), but did recognize NL/03 virus (NI titer = 2560). Overall, 

viruses with similar isolation dates were recognized by the same antisera. Viruses with later 

isolation dates were not recognized by ferret sera specific for early viruses and vice versa.
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4. Discussion

Monitoring functional antibody responses against NA, in tandem with HA-specific antibody 

analysis, could enhance the antigenic characterization of influenza viruses during routine 

surveillance for the purpose of influenza vaccine strain selection. The NI ELLA measures 

functional inhibition of NA activity by antibodies, and consequently, it has clear relevance 

to immunity in vivo (Couch et al., 1974; Ogra et al., 1977; Beutner et al., 1979). In this 

study, the existing NI ELLA was optimized for rapid antigenic characterization of NA of 

wild type A(H3N2) viruses.

Similar to the TBA assay, the ELLA relies on the sialidase activity of NA. However, it has 

been demonstrated that the ELLA has a higher sensitivity compared to the TBA method 

(Fritz et al., 2012). The ELLA method, first described by Lambre et al. (1991), has been 

successfully applied in recent studies. Cate et al. (2010) showed that NI antibody 

seroconversion rates are greater when vaccine dose is increased. Couch et al. (2012) 

investigated the NA antibody response to current influenza vaccines and proved the 

importance of antibodies directed to the NA (Couch et al., 2013). Couzens et al. (2014) 

optimized the ELLA to measure influenza A virus NI titers in human sera.

NI assay results can be distorted by HA-specific antibodies interfering with substrate 

cleavage by NA (Schulman and Kilbourne, 1969). To avoid this possible interference, 

various forms of NA have been used as antigens in NI assays: purified recombinant NA 

(Fritz et al., 2012), recombinant A(H6N1) and A(H6N2) viruses (Sandbulte et al., 2009; 

Couzens et al., 2014), detergent split wild-type viruses (Cate et al., 2010), and virus-like 

particles (Couch et al., 2013). However, generation of these antigens is time consuming and 

consequently unsuitable for large scale screening of viruses for vaccine strain selection. 

Therefore, the usage of wild type viruses was explored in the NI ELLA in combination with 

sera that were raised against HA-mismatched viruses.

Upon titration of naïve ferret sera against various influenza (sub)types, a non-specific 

inhibitory effect of the sera was occasionally observed. Non-specific inhibitors that interfere 

with the HI assay have been described previously, first by Hirst (Hirst, 1942) and later by 

Francis (Francis, 1947). Three classes of these nonspecific inhibitors present in human and 

animal sera have been described: α-, β-, and γ-class (Anders et al., 1990; Ryan-Poirier and 

Kawaoka, 1991; Matrosovich et al., 1998). Inhibitors of the α- and γ-classes express sialic 

acid residues that are specifically bound by the influenza virus HA (Pritchett and Paulson, 

1989; Anders et al., 1990) thereby blocking the receptor-binding sites of HA (Matrosovich 

et al., 1998). Inhibitors of the β-class (Anders et al., 1990; Hartley et al., 1992) are, in 

contrast to inhibitors of the α- and γ-classes (Krizanova and Rathova, 1969; Subbarao et al., 

1992), thermolabile (Matrosovich et al., 1998). Sera used in the HI assay are treated 

beforehand with RDE to inactivate sialylated α and γ inhibitors (Pritchett and Paulson, 

1989; Ryan-Poirier and Kawaoka, 1993), followed by incubation at 56 °C to inactivate the β 

inhibitors and the RDE (Konno, 1958; Cohen and Belyavin, 1959; Anders et al., 1990). The 

inhibitory effect of the naïve ferret sera seen in the NI ELLA may be explained by similar 

sialic acid expressing inhibitors that interact with the HA, the NA, or both, and thus 

preventing desialylation of fetuin. Since heat inactivation at 56 °C by itself did not affect the 
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observed non-specific inhibitory effect, it indicates that the inhibitors were not β-class 

inhibitors (Konno, 1958) but rather α- or, most likely, γ-inhibitors. RDE treatment of serum, 

followed by heat inactivation, eliminated most of the non-inhibitory effect without affecting 

specific virus-specific NI and HI titers.

Although the NI titers showed dependence on the amount of N2 antigen used, the NI titers 

did not differ when N2 antigen concentrations within the linear trajectory of the titration 

curve were chosen. These conditions resulted in limited variability between NI ELLAs 

performed on different days.

To be able to use wild type viruses as antigens, recombinant viruses with a mismatched HA 

must be used to generate antisera. The A(H7N7) virus was selected as a backbone to 

generate recombinant A(H7N2) viruses, as A(H7N7) replicates well in ferrets and antibodies 

directed to H7 do not recognize H3. However in principle, any influenza A subtype (i.e. H9) 

can be selected as a backbone, providing that it replicates well in ferrets and antibodies 

directed to the HA do not recognize H3.

Using recombinant A(H7N2) viruses, ferret antisera yielding high NI titers without boosting 

or the usage of adjuvants could be generated. A panel of ferret anti-A(H7N2) sera were 

utilized in the NI ELLA to screen wild type A(H3N2) viruses. The observed intra-subtypic 

cross-reactivity of the ferret antisera permits screening of many viruses during influenza 

virus surveillance with a limited number of sera, while the specificity of the ferret antisera 

allows detection of drift variants. Although generation of the recombinant A(H7N2) viruses 

and anti-A(H7N2) ferret sera has to be done in a BSL-3 laboratory, sera can be used under 

lower biosafety conditions upon demonstration of the absence of virus and viral RNA It is 

likely that this strategy will also be applicable for N1 antigens to screen circulating human 

A(H1N1) viruses. This approach would be more difficult for influenza B viruses given that 

there are no different subtypes. Perhaps an early influenza B virus (i.e. B/Lee/40) could be a 

suitable backbone if antibodies directed to its HA do not recognize the HA of currently 

circulating influenza B viruses. Alternatively one could use chimeric influenza A/B viruses, 

with the HA and internal genes of influenza A and a NA segment with the non-coding 

regions of influenza A and the ORF of influenza B (Flandorfer et al., 2003; Baker et al., 

2014). But these viruses are possibly too attenuated to replicate efficiently in ferrets.

In conclusion, the NI ELLA described in this study provides a practical method to evaluate 

the antigenic properties of NAs from different viruses, and can be used for large-scale 

screening of wild type influenza A viruses. The antigenic drift of HA and NA was shown to 

be discordant (Sandbulte et al., 2011), and NA-specific antibodies – in addition to HA-

specific antibodies – contribute to protection against disease. Therefore, information 

regarding antigenic drift of NA may facilitate selection of viruses that are antigenically 

matched to circulating strains for influenza vaccine production.
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Fig. 1. 
Principles of the ELLA (left) and the NI ELLA (right). After addition of influenza virus to a 

fetuin-coated well, the NA cleaves sialic acid from the fetuin, thus unmasking a terminal 

galactose residue. This terminal galactose residue is specifically recognized by PNA-HRPO. 

Upon addition of the peroxidase substrate, a detectable color change is produced which can 

be measured at OD490. By using different dilutions of virus in the ELLA, the optimal virus 

dilution for the NI ELLA can be determined. For the NI ELLA, serially diluted serum is 

added to a fixed amount of virus (OD490 >0.75). If the NA activity is neutralized by NA-

specific antibodies, sialic acid will not be cleaved from the terminal galactose residue and no 

color change is detected. 115-21.
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Fig. 2. 
Neutralizing activity of naïve and post-infection sera after RDE treatment. Viruses BI/76 (A) 

and NL/92 (B) were tested against serially diluted naïve ferret sera (gray lines) and their 

serially diluted N2-homologous A(H7N2) ferret sera (black lines). Sera were incubated with 

RDE (solid lines) and without RDE (dashed lines) at 37 °C for 16 h and RDE activity was 

heat inactivated by incubation at 56 °C for 8 h.
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Fig. 3. 
Determination of the optimal amount of antigen for routine antigenic characterization. First, 

the NA activity (black circles) of serially diluted NL/95 (A, C and D) and NL/92 (B) virus 

was determined in the ELLA. Subsequently each of the dilutions of NL/95 and NL/92 

antigens were tested against their N2-homologous (A and B, respectively) A(H7N2) ferret 

sera in the NI ELLA. In addition, NL/95 was tested against heterologous anti-NL/03 (C) and 

anti-NL/92 (D) A(H7N2) ferret sera. Absolute NI titers are shown as numbers above the 

log2 NI titers (bars). The dark bars represent the dilutions that resulted in 25–75% of the 

maximum NA activity. The assays were performed on different plates and on different days, 

resulting in some plate-to-plate or day-to-day variation.
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Table 1

Non-specific inhibition of avian and human influenza viruses by naïve ferret sera as measured in the NI 

ELLA.

Type Host Subtype/lineagea Strain NI titer

A Avian H4N2 A/Mallard/Netherlands/8/2007 1810

H3N8 A/Mallard/Netherlands/37/2010 28

H3N2 A/Mallard/Netherlands/51/2008 160

H1N1 A/Eurasian Wigeon/Netherlands/6/2007 14

Human sH1N1 A/Netherlands/364/2006 20

A/Netherlands/246/2008 20

pH1N1 A/Netherlands/602/2009 160

A/California/04/2009 113

sH2N2b NL/57 10

NL/68 160

sH3N2 BI/68 640

BI/76 905

NL/82 640

NL/92 2560

NL/09 80

B Human Victoria A/Malaysia/2506/2004 <10

Yamagata A/Florida/04/2006 <10

All viruses were tested against two naïve ferret sera. These sera were not treated with RDE or heat inactivation. The geometric mean titer was 
calculated from these titers.

a
Seasonal (s) and pandemic (p).

b
Recombinant strains containing the internal genes of A/Puerto Rico/8/1934 (H1N1).
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