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Potency testing and release of annual influenza vaccines require preparation, calibration, and distribution of reference antigens (RAs) and antisera every year, which takes an average of 8 to 12 weeks, and can be a major limiting factor in pandemic situations. Here we describe for the first time a robust Surface Plasmon Resonance (SPR)-based method that employs influenza subtype or lineage hemagglutinin (HA) specific monoclonal antibodies (mAbs) to measure the HA concentration in influenza multivalent vaccines. Implementing such an advanced test method will at the very least eliminate the rate-limiting and laborious efforts of making antisera reagents annually, and thus expedite the influenza vaccine delivery to the public by at least 6 weeks. Results demonstrate that the SPR-based method, developed using Biacore, is robust and not influenced by the type of RAs (inactivated whole virus, split, or subunit vaccine-derived materials), whether they are used as monovalent or multivalent preparations. HA concentrations obtained for monovalent drug substances (DS) or quadrivalent drug products (DP) of inactivated influenza split vaccine showed a tight correlation (the best fit value for the slope is 1.001 with R2 of 0.9815 and P-value <0.0001) with the corresponding values obtained by the current potency assay, Single Radial Immunodiffusion (SRID). Supplementary analysis of the results by the Bland-Altman plot demonstrated good agreement between the SPR and SRID methods, with no consistent bias of the SPR versus SRID method. We further demonstrate that the SPR-based method can be used to estimate HA concentrations in intermediates of the influenza vaccine manufacturing process containing varying matrices and impurity levels. Further, the results demonstrate that the method is sensitive to detecting degradation of HA caused by elevated temperature, low pH, and freezing. It is evident from this report and other published work that the advancement of analytical techniques and the early findings are encouraging for the implementation of alternate potency assays with far-reaching benefits covering both seasonal and pandemic influenza.
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Introduction

The seasonal influenza epidemic continues to be the major respiratory disease, causing severe illness and deaths in young children and elderly populations worldwide (1–3). Such a high disease incidence significantly burdens both social and economic costs, which underscores the timely availability of influenza vaccines to the public. Also, transmission and adaptation of influenza A virus strains from domestic animals to humans led to global pandemics in the last 100 years (4). Many government initiatives support the production and stockpiling of vaccines against such pandemic strains for emergency use in potential future pandemics.

Several influenza vaccines such as inactivated, live attenuated or recombinant vaccines are licensed and available globally (5). Most of the seasonal vaccines are quadrivalent comprising influenza A subtypes H1N1 and H3N2, and influenza B lineages B/Yamagata and B/Victoria. The annual production of influenza vaccine is arduous, and a race-against-time and timely availability of the seasonal influenza vaccine is critical for the completing vaccine campaign before the influenza epidemic peaks. More importantly, the supply of vaccines at an unprecedented ‘warp speed’ is critical to diffusing pandemic risk and potential public health emergencies (6, 7).

Two major proteins expressed by enveloped influenza virus are hemagglutinin (HA) and neuraminidase (NA). HA binds to its receptor, sialic acid on target cells and facilitates virus entry to the host cell and later on mediates the fusion of the viral envelope to the late endosomal membrane. Both these steps are critical for virus infectivity and thus, antibodies that block HA effectively prevent viral entry into target cells and thus, protect the host from infection (8, 9). HA being the primary protein in the induction of a protective immune response against the influenza virus, it is included as the core antigen in the vaccine and its concentration is measured to determine the vaccine potency.

Single Radial Immunodiffusion (SRID) has been used since the late 1970s as the potency assay for the release and stability testing of influenza vaccines. Wood and Weir have eloquently covered the historical perspective of SRID method development and implementation in detail (10). Originally, chicken cell agglutination (CCA) assay with an international standard was used to measure the potency of live attenuated virus vaccines which was found not suitable for split and subunit vaccines developed later (11–15). Fortunately, the SRID method developed in that time frame was found to have a gross correlation between HA content measured by the SRID method and the clinical immunogenicity (14, 15) for both vaccines containing either whole or disrupted virus. Later, SRID was further optimized with purified HA preparation and HA-specific hyperimmune antisera raised in goats (16). Following optimization of the method and implementation of calibrated reference standard and antiserum, the SRID method was accepted by the EU Committee for Medicinal Products for Human Use (CHMP) as the official potency method for releasing influenza vaccines for the European Market (17).

The SRID method measures HA content in vaccines based on a specific antigen-antibody reaction that forms a visible precipitin ring in the stained gel. The size (diameter) of the ring is directly proportional to the antigen concentration, which is calculated relative to a reference antigen with known potency. Although the SRID method measures the antigenicity of HA and is mostly specific to influenza strains tested, it relies on an outdated gel diffusion technique and critical reagents produced annually. It also suffers from poor reproducibility due to potential subjectivity in reading the precipitin rings. SRID is a labor-intensive method with low throughput making it not suitable for expedited vaccine release. Further, SRID has low sensitivity and is not suitable for testing flu vaccines with lower HA content (as low as 1.9 μg/dose) prepared for antigen dose-sparing pandemic clinical studies (18).

The annual manufacture of influenza vaccine is time-consuming and difficult. The production process, from the selection of influenza strains to vaccine manufacture and release for distribution, takes eight to nine months each year (6). One of the activities that takes a substantial amount of time is the generation of calibrated reference reagents for the potency assay, SRID. Strain-specific RAs and antisera are prepared annually, at a minimum, for the new strains included in the vaccines. Production and calibration of RAs by Essential Regulatory Laboratories (ERLs) are laborious and time-consuming (10, 19). Similarly, the generation and calibration of antiserum take around 8 weeks as it involves purification of HA, immunization of sheep, and qualification of antiserum for titer and specificity. In some years, difficulty in obtaining purified HA and poor immunogenicity of HA from certain strains led to the unavailability of these reagents on time for testing (10). Moreover, the use of animals for the generation of SRID reagents is a deviation from the ongoing 3Rs (Reduction, Refinement, and Replacement of animal usage) effort. All these shortfalls in making the annual reference reagents further limit the already burdened influenza manufacturing process. The availability of critical reagents for the potency assay can be a major limiting factor in pandemic situations. It can also delay the release of annual seasonal influenza vaccines for some years, which can potentially defer immunization well into the midst of the influenza epidemic. Hence, the US government made a recommendation to shorten the time and increase the reliability of the preparation of reagents for potency testing to expedite the influenza vaccine delivery (20).

The ideal solution to these rate-limiting and laborious efforts is to have perennial reagents. Sialic acid (SA) receptor is one such perennial reagent touted as a replacement for the current polyclonal antisera. SA receptor is the natural target molecule for the virus binding to the host cell and hence SA receptor-based assays would preferentially quantitate HA in the native conformation. However, one of the major drawbacks of the SA receptor is that it is not strain or even subtype-specific and therefore, SA receptor-based assays are not suitable for the quantitation of different strains of HA in multivalent vaccine preparations. Also, SA receptors need to be in multivalent formats for high-affinity and more stable interactions with HA rosettes in vaccine preparations (21). Because of its universal specificity across all strains of HA, the SA receptor is suitable only for the quantitation of monovalent vaccine preparations such as the pandemic vaccine. Another type of perennial reagent is mAb with subtype (for A strains) or lineage (for B strains) specificities. They can be generated using various technologies ranging from conventional hybridoma to modern recombinant technologies (22, 23). The availability of influenza subtype or lineage-specific antibodies will facilitate the use of the same set of antibodies every year even with strain change. Food and Drug Administration (FDA) with support from Biomedical Advanced Research and Development Authority has developed such subtype-specific mAbs (10, 24–26). In conclusion, the availability of all such perennial reagents facilitates the development of alternate potency assays for the expedited delivery of influenza vaccines annually.

Various technologies, using immunological reagents, have been successfully employed for the development of quantitative methods for protein or polysaccharide antigens. They include plate-based immuno-enzymatic or -fluorometric and multiplex techniques such as ELISA, Meso Scale Multi-array, Luminex, and biosensor technologies such as Surface Plasmon Resonance (SPR), and Bio-layer interferometry (BLI). Certain techniques are preferred for the quantitation of antigens based on their suitability. Both biochemical and immunoassays have been described as a replacement for SRID for measuring influenza potency. These include biochemical assays such as reverse-phase high-performance liquid chromatography (RP-HPLC) and Mass spectrometry (MS) and immunoassays based on SPR (such as Biacore), enzyme-linked immunosorbent and multiplex (such as VaxArray) technologies [reviewed by Woods and Weir (10)]. However, immunoassays that use functional antibodies or receptors are preferred over biochemical methods as they measure biologically relevant forms of HA. A few groups have reported the development of immunoassays for the quantitation of HA in vaccines and each one of them has its advantages and disadvantages (26–33).

Both biosensor and plate-based immunoassays have been described for the quantitation of HA and both can rapidly test a large number of samples. However, a few unique features of each platform bring out clear advantages, allowing one to be chosen over the other platform under certain situations. Plate-based techniques such as ELISA have been well-established for a variety of antigens and provide high throughput analyses. On the other hand, biosensor technology offers a label-free real-time measurement of antigen and antibody interactions and their quantitation as it utilizes real-time association and disassociation kinetics for analyte quantitation. This enables quick screening and selection of essential reagents and assay conditions, which is critical for the timely testing and release of influenza vaccines for each season. Biosensor platforms, such as Octet with parallel monitoring, allow sample testing up to a 384-well format, facilitating testing and analysis of a substantial number of samples with minimal supervision. In conclusion, biosensor-based assays would produce high-quality data, allow high throughput testing, and can be adapted rapidly (34). The biosensor platform is therefore suitable for both exploratory and official release testing.

Here we present an SPR-based approach that uses influenza subtype or lineage hemagglutinin (HA) specific mAbs to quantify the HA content in influenza vaccines. Results demonstrate that the SPR-based method is robust to accommodate different types of RAs and suitable for testing intermediates of influenza vaccine manufacturing process in different matrices. More notably, results showed a tight linear correlation between the SPR-based method and SRID covering all four strains both in monovalent DS or multivalent DP vaccine samples. The benefits of the SPR-based approach over SRID as well as its implementation strategy as an alternative potency assay are further described.





Materials and methods




Reference antigens and test materials

RAs were procured from one of the WHO-designated ERLs namely Center for Biologics Evaluation and Research (CBER; Rockville, MD, USA), NIBSC; Potters Bar, Hertfordshire, UK) or Therapeutic Goods Administration (TGA; TGA; Woden, ACT, Australia).

Inactivated split influenza vaccine materials used in the development of the SPR-based method (Figure 1, Tables 1, 2) and to demonstrate the method attributes (Figures 2–4) were obtained at various stages of the Fluzone manufacturing process including intermediates, DS and drug product. Additional details of the material used are provided in the results section.




Figure 1 | Zwittergent is necessary for RA and sample dilutions to achieve optimal sensitivity and linearity at lower concentrations. RA (B/Phuket/3073/2013) was disrupted with Zwittergent and then serially diluted in either PBS or HBS-EP+ with or without 1% Zwittergent and tested by the SPR-based method. SPR responses (in Response Units) obtained for RA diluted in different buffers plotted against HA concentrations are shown. Response curves obtained with different preparations are shown by solid or dashed lines with different symbols and colors as indicated in the figure labels. Both X and Y-axes are segmented to provide a magnified view of the lower part of the curves where they differ substantially.




Table 1 | Effect of flow rate on the binding of drug substance samples to specific mAbs.




 







Figure 2 | (A) B/Brisbane HA concentrations in drug substances are obtained using monovalent and bivalent RA preparations. HA concentrations in monovalent DS obtained using monovalent and bivalent RA preparations are shown in solid and patterned bars respectively. Monovalent RA preparation containing only B/Brisbane/60/2008 (B-V) or bivalent RA preparation containing both B/Brisbane/60/2008 (B-V) and B/Phuket/3073/2013 (B-Y) were prepared to contain 10μg/mL of each HA antigen. Both preparations were then serially diluted and used in the test. Error bars represent standard deviations of triplicate results. (B) B/Brisbane HA concentrations in drug products are obtained using monovalent and bivalent RA preparations. HA concentrations in quadrivalent DP obtained using monovalent and bivalent RA preparations are shown in solid and patterned bars respectively. Monovalent RA preparation containing only B/Brisbane/60/2008 (B-V) or bivalent RA preparation containing both B/Brisbane/60/2008 (B-V) and B/Phuket/3073/2013 (B-Y) were prepared to contain 10μg/mL of each HA antigen. Both preparations were then serially diluted and used in the test. Error bars represent standard deviations of triplicate results.






Figure 3 | (A) Correlation of potency values obtained by SRID vs SPR-based method. Simple linear regression of SRID potency values against SPR potency values in µg/mL. Values that are below 200 µg/mL are from Fluzone drug product lots and values that are 400 µg/mL and above are from Fluzone DS lots. Blue closed circles represent A/Michigan (H1N1) potencies, Green triangles represent A/Hong Kong (H3N2) potencies, Red open circles represent B/Maryland (Victoria lineage) potencies and Purple squares represent B/Phuket (Yamagata lineage) potencies. (B) The Bland-Altman plot of agreement between SPR and SRID methods. %Differences between each pair of results (µg/mL) obtained by the two methods are plotted against the corresponding average values. The %difference is calculated using equation, 100*(SPR result – SRID result)/average. The 95% ‘limits of agreement’ is shown as dotted lines. Blue closed circles represent A/Michigan (H1N1) potency results, Green triangles represent A/Hong Kong (H3N2) potency results, Red open circles represent B/Maryland (Victoria lineage) potency results and Purple squares represent B/Phuket (Yamagata lineage) potency results.






Figure 4 | Application of the SPR-based method for testing materials from different stages of the influenza vaccine manufacturing process. Intermediates of the manufacturing process representing the crudest to the purest materials with the lowest to the highest HA concentrations were tested by SRID and the SPR-based method for HA concentration. Intermediates from three batches of A/Hong Kong (H3N2) and one batch of A/Kansas (H3N2) were tested and the ratios of average potency values obtained by these methods with each intermediate are shown. Each bar represents averaged SPR over SRID results for the same stage of four different batches. Error bars represent the standard deviation for each intermediate material tested.



Results provided in Figures 5, 6 were generated as a part of a collaborative study between vaccine manufacturers, who are members of the International Federation of Pharmaceutical Manufacturers & Associations (IFPMA), the WHO’s ERLs, assay developers, and other interested stakeholders, to improve readiness for an influenza pandemic. The collaborative study investigated the use of alternative RAs in alternative potency assays. Monovalent and quadrivalent vaccine materials were used as test articles and the corresponding RA and Primary Liquid Standard (PLS) were provided by two influenza vaccine manufacturers. They were either split (Manufacturer-1) or subunit (Manufacturer-2) vaccine materials prepared from egg-propagated influenza virus that had been inactivated with formaldehyde. ERLs assigned the HA (H1N1; A/Brisbane/02/2018) concentration of each PLS and the potency value of each RA following the same conventional procedure used for generating official RAs annually. In brief, PLSs (PLS-C [PLS conventional], Alt PLS-1 [split material from Manufacturer 1], and Alt PLS-2 [subunit material from Manufacturer 2]) were tested by SDS-PAGE and total protein content and the amount of HA in each PLS was quantified by 3 ERLs. Values obtained for each PLS from ERLs were averaged and assigned to that PLS. Then RAs (RA-C [RA conventional], Alt RA-1 [split material from Manufacturer 1], and Alt RA-2 [subunit material from Manufacturer 2]) were calibrated against their corresponding PLS by SRID and potency values from 3 ERLs were averaged and assigned to each RA. The calibrated RAs (RA-C, Alt RA1, or Alt RA2) were used in SRID and the SPR-based method to test HA antigen (H1N1; A/Brisbane/02/2018) in monovalent and multivalent samples obtained from the manufacturers 1 & 2. Additional details on PLS, RA, and test materials used in this study are provided in Table 3.




Figure 5 | Calibration of different RAs using SRID and SPR-based methods. Different RAs (H1N1; A/Brisbane/02/2018) were calibrated against their corresponding PLS using SRID by ERLs and using the SPR-based methods by us. Calibrated values obtained for each RA by SRID (mean values from 3 ERLs) are shown as solid bars and by SPR-based method (mean values from triplicates) are shown as patterned bars. Error bars represent the standard deviation for each RA calibrated by SRID or SPR-based method.






Figure 6 | Influence of different RAs on the potency of test articles by SRID and SPR-based methods. The potency value assigned for each RA based on SRID was used to test H1 HA in the monovalent and multivalent test samples. The potency of each sample obtained by SRID (mean values from 3 ERLs) is shown as solid bars and by the SPR-based method (mean values from triplicates) is shown as patterned bars.




Table 3 | Materials tested for assessing the use of alternative reference antigens.







Monoclonal antibodies

H1N1 subtype-specific human mAb (5J8) is published in the literature (35). H3N2 subtype-specific mAb and its specificity are described in the results section. Both B/Victoria-lineage (B-V) specific mouse mAb (BR8E12) and B/Yamagata-lineage (B-Y) mouse mAb (WI3E8) were kindly provided by Dr. Jerry P Weir, Division of Viral Products, FDA, USA (26). Antibodies were stored in Eppendorf tubes at -70°C as single-use 10μL aliquots. For each experiment, one aliquot is diluted to 10 μg/mL in HEPES Buffered Saline supplemented with EDTA and 0.05% Tween 20 (HBS-EP+).





SRID procedure

SRID assay was performed in ERL (NIBSC, CBER, and TGA) and our laboratory following the basic procedure described previously by Wood et al. (16) with modifications as described in the later publications (36, 37). In brief, gels were cast with 1% agarose in PBS containing the optimal amount of strain-specific antiserum. RAs treated with Zwittergent were distributed into wells that had been punched into the gel. Zwittergent‐treated samples were serially diluted and loaded onto the agarose gel and the gels were then incubated at room temperature for 18–24 hours in a humidified chamber to allow the antigens to diffuse. Following incubation, gels were washed, dried, and stained with Coomassie Brilliant Blue. Diameters of the precipitin ring on the stained gel were measured and used to generate a dose-response curve against a RA of pre‐determined HA concentration. The concentration of HA (i.e., potency) in the sample was calculated from the linear region of the parallel dose-response curve and expressed in μg/mL.





SPR-based test procedure

Cytiva/GE Biacore T100 instruments and CM5 Series S sensor chips were used for the development of a direct binding assay and testing of various samples. In this SPR-based method, the antibody was captured onto a Protein A/G surface of a sensor chip. A calibration curve was generated by injecting split RA at known concentrations over the antibody-captured surface. Specific dilutions of unknown samples were then injected over the antibody-captured surface and residual binding was measured. From this, a calibration curve was generated using a non-linear fit. Based on the response of the unknown sample (and where it fell on the reference standard curve) and the dilution factor, a potency value for the test sample was calculated. Each injection had a flow rate of 30 μL/min with a contact time of 60 seconds and a dissociation time of 60 seconds. HA concentration in test samples is expressed in µg/mL. A more detailed description of the method follows.

First, the Protein A/G (Pierce Cat # 21186) was diluted to 40 µg/mL in acetate buffer with pH 4.5 (Cytiva/GE Cat # BR-1003-50) and immobilized to CM5 Series S sensor chip (Cytiva/GE Cat # 29149603) using standard EDC/NHS coupling for 8 minutes on each flow cell (38). Excess reactive groups were deactivated by injecting ethanolamine for 6–7 min. Typical immobilization amounts ranged from 2300 – 2800 response units (RU) per flow cell. Subtype/lineage-specific mAbs were diluted to 10 µg/mL in 1x HBS-EP+ (Cytiva BR100669 (HEPES Buffered Saline supplemented with EDTA and 0.05% Tween 20, 10x). Specific antibody per each flow cell was captured at a flow rate of 10 μL/min with a contact time of 30 seconds, except Flow Cell 1 which was used for reference. Lyophilized RA obtained from an ERL was dissolved in water and then diluted to 40 µg/mL in HBS-EP+. 10% Zwittergent 3-14 (EMD Millipore Cat # 693017-5GM or equivalent grade) was added to the RA preparation to obtain a final 1% Zwittergent concentration and incubated for 30 minutes at room temperature with end-over-end rocking. RAs were prepared either as a monovalent or multivalent by combining different strains while maintaining the final concentration of HA at around 40 µg/mL and of Zwittergent at 1%. Two-fold serial dilutions of RA were prepared in HBS-EP+ buffer containing 1% Zwittergent (HBZ buffer), in a polypropylene 96-well plate (Greiner Bio-one, 650201) to generate a 10-point calibration curve ranging from 10 µg/mL to 0.0195 µg/mL. Similarly, two-fold dilutions of test samples were prepared using HBZ buffer to generate 6 dilutions/sample. RA and samples were injected at a flow rate of 30μL/min with a contact time of 60 seconds and dissociation time of 60 seconds. Regeneration was carried out using 50 mM NaOH (Cytiva/GE Cat # BR-1003-58 or equivalent grade) with 10 seconds contact time and 10 µL/min flow rate.





Data analysis

Samples were analyzed using the Concentration Analysis feature of the Biacore T200 Evaluation software. The RA calibration was generated using a 4-parameter non-linear fit of response units (RUs) versus HA concentrations. RUs were obtained after the beginning of the dissociation phase. A valid calibration curve had to have a minimum of 6 points, with Chi2 value of the 4 parameters fit less than 1% of Rhi. Samples had to have a minimum of 3 dilutions within the calibration curve range and the corresponding dilution-corrected results had to have coefficient variation (CV) <20%. The sample dilution range was further refined if at least 3 dilutions did not fall in the RA calibration range. HA concentration in test samples was calculated as the average of valid sample dilutions and was expressed in µg/mL. The HA concentration (µg/mL) determined by the SPR method is referred to as SPR or alternate potency.






Results




Effect of Zwittergent on antigen-antibody binding

SRID was performed using 1% Zwittergent both to disrupt the RA and during sample preparation. RAs were prepared as directed in the circular provided by the respective ERL. To determine if Zwittergent is required for the calibration curve, the Zwittergent disrupted RA (B/Phuket/3073/2013) was further diluted in either PBS or HBS-EP+ with or without 1% Zwittergent and tested in the SPR-based method. Representative results shown in Figure 1 suggested that Zwittergent at HA concentrations above 2µg/mL did not affect RA binding to the lineage-specific mAbs. However, at HA concentrations below 2µg/mL, Zwittergent increased the sensitivity of binding which resulted in a more linear response (Figure 1). Without Zwittergent, the binding of RA artificially bottomed at 0.5 μg HA/mL and thus, RA at lower concentrations and in the presence of Zwittergent demonstrated dose-dependent binding. There was no considerable difference in binding between HBS-EP+ and PBS. Thus, to achieve the desired sensitivity at lower concentrations, it is recommended to add Zwittergent to the buffer used for both RA and sample dilution preparations.





Effect of flow rate on the antigen binding response

To determine if the flow rate is important in sample response, DS from four strains (A/Michigan/45/2015 [H1N1]; A/Hong Kong/4801/2014 [H3N2]; B/Brisbane/60/2008 [B-V] and B/Phuket/3073/2013 [B-Y]) were injected at three dilutions (150X, 300X and 600X) and three flow rates (30, 50 and 100 μL/min) over the specific mAbs surfaces and the binding responses, expressed as RU, were determined. Binding responses were comparable between three flowrates tested within each dilution (Table 1), which suggests that the flow rate is not an important criterion if it is kept constant throughout the entire run, for both calibration and unknown samples. For subsequent experiments and testing, a flow rate of 30 μL/min with a contact time of 60 seconds was chosen to conserve the sample without affecting HA concentration determination.





Specificity of mAbs

To assess the specificity of the mAbs used in this study, RAs of different strains within each subtype or lineage were diluted to 10 µg/mL and injected over each mAb surface. The binding response was measured, and a % Relative Surface Binding value was calculated. This was performed by determining the theoretical response assuming that all the mAb and sample were capable of complete interaction in a 1:1 model and comparing the actual RA binding value. Results demonstrate that the mAbs used in this study are subtype (H1 or H3) or lineage (B/Victoria [B-V] or B/Yamagata [B-Y]) specific with broad binding to strains tested within each subtype or lineage without cross-reactivity to other subtype or lineage (Table 2). H1 specific mAb (5J8) showed optimal binding to four different H1 strains tested (Table 2A). Similarly, H3 specific mAb showed optimal binding to six different H3 strains tested (Table 2B). B-V lineage-specific mAb (BR8E12) showed optimal reactivity with two of three B-V strains tested, indicating that additional mAbs need to be screened and included in the assay for greater coverage within this lineage (Table 2C). B-Y lineage-specific mAb (WI3E8) reacted equally well with three different strains tested within the B-Y lineage (Table 2D).





Monovalent versus bivalent reference antigen binding

The selected antibodies are subtype or lineage-specific and did not show observable cross-reactivity between subtypes or lineages. So, it is possible to use mixed RAs instead of monovalent RA to generate a calibration curve. To assess the possibility of using a mixed RA, three lots of monovalent DS and three lots of quadrivalent DP were tested for B/Brisbane HA concentrations using a bivalent (B/Brisbane/60/2008 [B-V] and B/Phuket/3073/2013 [B-Y] RAs mixed) and a monovalent (B/Brisbane) RA preparations. To prepare the bivalent RA preparation, each RA was disrupted with Zwittergent at 40 μg/mL of HA concentration and then combined to achieve 10μg/mL of HA per each antigen, which was then serially diluted and tested. Results suggested that B/Brisbane HA concentrations obtained for DS and DP using bivalent and monovalent RA preparations are comparable (Figure 2) suggesting that both monovalent and bivalent RA preparations could be used interchangeably. A similar outcome was obtained for B/Phuket using monovalent and bivalent RA preparations (results not shown).





Influence of various types of reference antigens on the potency measured

Sanofi has participated in collaborative studies evaluating various parameters of alternate potency assays developed by different Health Authorities (CBER and NIBSC), vaccine manufacturers (Sanofi and Seqirus), and related biotechnology companies (InDevR). One of the studies evaluated the influence of alternate RAs (H1N1; A/Brisbane/02/2018), that were calibrated by SRID or by the alternate assay, on the potency values of blinded monovalent or multivalent samples. Results presented here suggest that the SPR-based assay is tightly aligned with SRID across all types of RAs and samples assessed (Figures 5, 6). HA concentrations obtained for different RAs when they were calibrated independently using SRID by ERLs and using the SPR-based method by us against their corresponding (i.e., homologous) PLS are shown in Figure 5. Regardless of the type of RA evaluated, calibration values obtained by these two methods are nearly the same for each RA, suggesting that these assays recognize HA in these RAs comprising entire virus, split antigens, or subunit antigens in the same manner. PLSs and RAs were supplied at different concentrations, and they were not adjusted to having a uniform concentration when they were prepared. So, the different HA concentrations shown for different PLSs or RAs do not reflect the assay evaluated. Since these assays were performed in the same way within each RA tested, we tested blinded monovalent and multivalent samples by SRID and the SPR-based method in parallel using conventional or homologous RA to validate our findings with different RAs shown in Figure 5. For this experiment, we used the RA calibration values obtained by SRID. Results showed that the HA concentrations of monovalent and multivalent samples by SRID and the SPR-based methods are well aligned, and the results differed between-17% and +10% with an average variability of 5% (Figure 6). It confirms the conclusion we had previously drawn from the calibrations of RAs using these two techniques.





Correlation of potency values by the SPR-based method with the SRID method

To determine the level of correlation between SRID and the SPR-based methods, we tested 22 lots of Fluzone vaccine materials comprising both monovalent DS and multivalent DP with potency ranging from 40 μg/mL to 800 μg/mL covering H1, H3, B-Y & B-V strains. The potency results obtained by SRID and SPR-based methods were plotted and a linear regression analysis was performed (Figure 3A). A simple linear regression analysis of the results suggests that SPR-based method potency values correlate tightly with the corresponding SRID potency values. The best fit value for the slope is 1.001 with R2 of 0.9815 and P-value <0.0001. Further analysis, for agreements of the potency values by the two methods, using the Bland-Altman test demonstrates that the mean bias is 2.737 with a standard deviation (SD) of 8.273 and the 95% limits of agreement ranging from -13.48 to 18.95 (Figure 3B; 39). The points on the Bland-Altman plot are uniformly scattered both above and below the zero line and between the 95% limits of agreement, suggesting that there is no consistent bias of the SPR versus SRID method, and there is a good agreement between the SPR and SRID methods. Thus, the Bland-Altman plot verifies the tight correlation between the SPR and SRID methods concluded from the simple linear regression analysis.





Suitability of the SPR-based method for testing intermediates of inactivated influenza split vaccine manufacturing process

To assess the suitability of the SPR-based method to test intermediates of the influenza vaccine manufacturing process we aliquoted samples covering upstream to downstream steps of the manufacturing process. Typically, the upstream samples have the lowest concentration of HA and high impurities, and the downstream samples have high concentrations of HA with lower impurities. The difference in the matrices and levels of impurities in these samples is known to interfere with several test methods. Results shown in Figure 4 were obtained from testing 3 batches of A/Hong Kong (H3N2) and one batch of A/Kansas (H3N2); they are expressed as an average ratio of HA levels by the SPR-based method over SRID for each sample type. Stage 1 to Stage 4, shown in Figure 4, represent the most upstream to the most downstream samples in the influenza vaccine manufacturing process. Each bar in Figure 4 represents averaged SPR over SRID results for the same stage of four different batches. Results suggest that the SPR-based method is not considerably impacted by these matrices and hence, it can be used to test both the upstream and downstream samples (Figure 4). It should be noted that even with SRID, the upstream samples generally have high variability. The correlation between the SPR-based method and SRID values improved steadily with purification steps, attaining the best correlation at the downstream stage (i.e., Stage 4), where the HA concentration is the highest and impurities are at the lowest levels among the sample types evaluated here.






Discussion

Each batch of influenza vaccines is tested for potency before they are released to the market. The current potency assay for influenza vaccines is SRID, which was developed and introduced into use more than forty years ago (16). It takes a lot of effort and time to prepare and calibrate RAs and antisera specific to strains when new strains are introduced in vaccines for the northern or the southern hemisphere influenza seasons annually (10, 19). The supply of reagents in the past years has been further hampered by poor yield and the immunogenicity of some strains (10). All these shortcomings are likely to delay the release of seasonal influenza vaccines to the market before the influenza epidemic peaks. In pandemic scenarios, any delay in the availability of critical reagents for the potency assay can cause a major health catastrophe. One of the best approaches to circumvent this issue is to implement high throughput assays based on cutting-edge technologies that make use of enduring reagents with subtype or lineage pan-specificity, which can be used for many years with strain change. We chose to develop an SPR technology (Biacore) based alternative potency assay that applies label-free detection, provides real-time interaction details, and is highly sensitive to quantitate antigens at low concentrations.

The most critical element of any immuno-assay is the antibody, and the use of functional and conformation-sensitive antibodies would demonstrate the functionality and stability of the antigen quantitated. First, we screened several subtype or lineage-specific mAbs and identified the ones that reacted with most of the strains within a subtype or lineage and did not show any cross-reactivity between subtypes or lineages. The selected mAbs demonstrated pan-specificity within each subtype or lineage which corroborates observations reported by other groups (Table 2). Krause et al. found that the mAb 5J8 recognized HA from a wide range of H1N1 seasonal strains and 2009 pandemic H1N1 strain except A/New Caledonia/20/1999 or A/Brisbane/59/2007 (35). It inhibited hemagglutination and neutralized H1N1 viruses in a microneutralization assay and a lethal challenge mouse study. It was predicted from screening escape mutants and naturally occurring H1N1 strain that 5J8 mAb recognizes a novel conserved epitope on the globular head of HA that includes residues 133A, 137, and 222 (35, 40). We observed that both H1 and H3 specific mAbs exhibited reactivity only with strains of H1 and H3 subtypes respectively verifying their subtype pan-specificity (Table 2). Our findings demonstrating the lineage specificity of BR8E12 and WI3E8 antibodies in the SPR-based assay are consistent with the results reported in the literature. Verma et al, reported the specificities of BR8E12 to B/Victoria lineage and WI3E8 to B/Yamagata lineage using ELISA, hemagglutinin inhibition, and viral neutralization methods (26). Antibody BR8E12, specific to HA from the B/Victoria lineage, recognizes the globular head region of HA and is sensitive to the mutation of amino acid residue at 241 (P241Q) (26). MAb BR8E12 was generated to B/Brisbane/60/2008, a B/Victoria strain that preceded the emergence of the triple deletion (positions 162-164) B/Victoria viruses such as B/Washington/02/2019. Ferret antisera raised against B/Victoria lineage viruses with no amino acid deletion in the HA (i.e., B/Brisbane/60/2008) poorly inhibited viruses with the triple deletion (i.e., B/Washington/02/2019) (41). Therefore, it is not surprising that BR8E12 did not recognize the triple deletion mutant, B/Washington/02/2019. Likewise, mAb WI3E8 specific to HA from the B/Yamagata lineage recognizes the head region of HA and is sensitive to mutation of amino acid residue at 141 (G141E) (26). These mAbs were successfully used to develop an ELISA-based alternate potency assay that showed a good correlation over a wide range of HA concentrations with a regression fit slope of 0.94 and 1.75 for B-V and B-Y lineages respectively (26). In summary, the results reported by other groups and those generated in our lab demonstrate that the mAbs used in the SPR-based method have pan-specificity for strains within each subtype or lineage and they recognize functional epitopes on HA.

Our results suggested that the use of Zwittergent for the preparation of both RA and vaccine samples, including their serial dilution improved the response curve, especially at lower concentrations (Figure 1). It is likely that Zwittergent presence maintained homogeneous HA rosettes in the test articles and stabilized them at low concentrations. Schmeisser et al. made a similar observation demonstrating a better correlation between ELISA and SRID results when both standard and samples were treated with Zwittergent (32). Comparable binding responses with varying flow rates demonstrate that the binding is not mass transport limited (Table 1). Since the SPR method described here uses calibration curves to estimate HA concentrations in samples, it is not necessary to determine antigen-antibody interactions under mass transport limiting conditions. HA from B strains of B/Victoria and B/Yamagata lineages are antigenically closely related and exhibits considerable levels of cross-reactivity with polyclonal antisera generated against each other (26). Therefore, a bivalent reference-antigen preparation with equal levels of HA from both lineages is used for SRID testing to remove any potential bias in assessing the potency of B strains in quadrivalent preparations. The specificity of the mAbs utilized in the SPR-based assay is further confirmed by the comparable HA concentrations obtained for DS and DP lots using monovalent and bivalent RA preparations (Figure 2).

Some alternate methods have been found to respond differently based on the type of RA used. Kuck et al. reported that the VaxArray method generated different slopes of the calibration curve with ERL RA (lyophilized intact virus) and an internal RA (split virus) (42). Since both RAs were treated with Zwittergent to potentially generate comparable rosettes, they hypothesized that the difference in the degree of chemical modifications of RA could have resulted in differential binding observed in their assay (42). We explored conventional RA (whole virus), split vaccine as RA (Alt RA-1), and subunit vaccine as RA (Alt RA-2) in both SRID and SPR-based methods. Results showed that both methods generate comparable potency values for various types of samples tested (Figure 6). Also, the SPR-based method was applied in parallel to SRID for testing the crudest to the purest vaccine materials in the Fluzone vaccine manufacturing process. Allantoic fluids from influenza virus-propagated embryonated eggs are pooled in stage 1 of the manufacturing process. The HA concentration at this stage is expected to be around 1% of the total protein. Modern chromatographic methods cannot accurately or precisely quantitate HA concentrations at this stage, and it requires frequent column changes due to the nature of the matrix. Thus, SRID has been the only method used for HA quantitation at this upstream stage of the process. When the SPR-based method was used to determine the HA concentrations of A/Hong Kong and A/Kansas strains at these intermediate stages of the manufacturing process, there was a good agreement with SRID (Figure 4). Low concentrations of HA and high variability of the SRID method with upstream samples would have been partly responsible for the 20% bias observed between SPR and SRID results for materials harvested earlier in the manufacturing process (Figure 4). Results suggest that the SPR-based method, which is rapid and has high throughput could be applied effectively for testing manufacturing in-process materials.

Bodle et al. reported the development of an ELISA as an alternative to SRID for measuring the potency of influenza vaccines (28). The method was 10 to 50 times more sensitive than SRID in detecting HA and demonstrated a linear correlation with SRID when all strains were analyzed together. Nevertheless, each antibody set used in the assay recognized only a few strains within each subtype or lineage necessitating frequent replacement of antibodies and the development of ELISA. Hashem et al. described an ELISA method that used sialic acid-containing fetuin to capture HA and strain-specific polyclonal antiserum for the detection of HA (29). However, the level of SA on fetuin is likely to vary significantly between batches and vendors making the results inconsistent (30). Moreover, reliance on strain-specific polyclonal antiserum every year for this assay does not enable the timely release of vaccines to the market. To circumvent these issues, Khurana et al. developed an SPR-based method utilizing synthetic glycans containing α-2,6 or α-2,3 sialic acids (SA), which uses label-free detection and showed a tight correlation with SRID (30). However, this method can be used for testing only the monovalent materials as the SA receptor cannot distinguish HA from four different strains included in influenza vaccines (10). Additionally, pre-screening is needed to determine the optimal type of receptor as the affinity of HA generated from egg versus mammalian cell-derived vaccines for α-2,6 and α-2,3 SA receptors is likely to differ. The SPR-based method described here uses for the first-time influenza subtype or lineage HA-specific mAbs, which provides the required specificity for testing multivalent influenza vaccines and renders the assay independent of annual antisera reagents.

Schmeisser et al. observed that only a small percentage of the mAbs tried in their ELISA generated results that were ≤20% of the corresponding SRID values, emphasizing the significance of choosing appropriate antibodies for the alternate potency assay (32). For our SPR-based assay, we screened several mAbs for their specificity and suitability, and we selected the ones that displayed pan-specificity within a subtype or lineage and demonstrated an optimal correlation with SRID. Selected mAbs showed a broad reactivity with strains within the subtype or lineage and recognize protective epitopes in either globular head or fibrous stem regions of HA (Table 2). Results from the SPR-based method, covering all four strains both in monovalent (i.e., DS) or multivalent (i.e., DP) vaccine samples, showed a tight linear correlation with results generated by SRID, with the best regression fit slope of 1.001 with R2 of 0.9815 and P-value <0.0001 (Figure 3A). Supplementary analysis of the results by the Bland-Altman plot demonstrated good agreement between the SPR and SRID methods, with no consistent bias of the SPR versus SRID method (Figure 3B). Limited epitopes recognized by the mAb in the SPR-based method may not truly represent multiple epitopes potentially recognized by the polyclonal serum used in SRID. Perhaps the antibodies in the polyclonal serum are predominantly against a few dominant epitopes on HA which along with the poor sensitivity of SRID likely brought the correlation linear and tight. The coverage of future strains would be increased by using a cocktail of mAbs for each subtype or lineage, which also would reduce the possibility of rejecting a vaccine batch based on the potential unavailability of a single epitope on HA. Moreover, the use of a cocktail of mAbs covering unique epitopes that are preserved only in the baculovirus-expressed recombinant HA (rHA) along with protective epitopes on the wildtype HA would allow monitoring those epitopes in the recombinant vaccines (reviewed by Arunachalam et al. (43)). Such an assay would be suitable for monitoring the potency of both wildtype virus-derived and recombinant influenza vaccines. Therefore, we are constantly screening for new mAbs, that can recognize distant non-overlapping epitopes both in wildtype and recombinantly expressed HA, for their inclusion in the SPR-based assay. The use of subtype or lineage-specific mAb cocktails eliminates the need for annual generation and qualification of strain-specific antisera, as well as re-validation of the potency method. Nevertheless, the specificity of the mAb cocktails for the new strains chosen for the influenza season must be verified annually.

Replicate results obtained for multiple strains from various experiments suggested that the SPR-based method is precise with an average Coefficient of Variation (CV) of 5.7% for repeatability and 6.0% for intermediate precision. Its estimated limit of detection (LOD) is around 5 ng/mL and its estimated limit of quantitation (LOQ) is around 40 ng/mL. Thus, the SPR-based method is around 150 times more sensitive than the SRID method (LOQ 6 μg/mL; observed in our lab). In addition, the SPR-based method is significantly faster than SRID; a monovalent sample can be tested, and results can be reported in less than 3 hours with the SPR-based method as opposed to 30 hours with SRID. As part of the collaborative effort, we recently completed a study evaluating the stability indicating the nature of alternate potency assays. Results demonstrated that the SPR-based method is highly sensitive to the degradation of HA induced by elevated temperature, low pH, and freezing (44).

In conclusion, the SPR-based method is robust to accommodate RAs and test materials of different matrices and HA concentrations. It showed a tight linear correlation with SRID over a wide range of strains and HA concentrations. The high specificity of the mAbs used in the SPR-based assay will also facilitate applying this method for vaccine monovalent DS identity testing for distinguishing them between subtypes and lineages. Hence, we believe that the SPR-based assay, similar to ELISA, is a promising replacement candidate for SRID for the release and stability testing of influenza vaccines. It would be prudent to demonstrate that alternative potencies are relevant in predicting the clinical efficacy (i.e., clinical immunocorrelate of protection for influenza). Such an endeavor needs clinical studies utilizing vaccines with varying levels of potency including subpotent materials. Certainly, such an effort requires ample resources, time, and a large number of clinical subjects for adequate statistical power. There is no doubt that the alternative potency approaches, like the SPR-based assay reported here, are critical for releasing pandemic influenza vaccines to meet future urgent medical demands.
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C. mAbs tested against B/Victoria RA

ABS B/Maryland/ B/Washington/
Anti-H1 03 03 02
Anti-H3 02 02 02
Anti-B/Victoria 44 36 00
Anti-B/Yamagata 0.5 0.0 0.0

D. mAbs tested against B/Yamagata RA

mAbS B/Massachusetts/ B/Phuket/ B/Texas/
02/2012 3073/2013 06/2011
Anti-H1 02 03 02
Anti-H3 0.1 0.1 0.1
Anti-B/Victoria 06 03 00
Anti-B/Yamagata 14.4 14.0 126

Values presented in this table are %Relative Surface Binding of RAs to subtype or lineage-specific mAbs.
NT, Not Tested.
Rows highlighted in green show the reactivity (i.e., specificity) of the selected monoclonal antibodies to specific strains within the relevant influenza subtype/lineage.
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Manufacturer 1 or 2 (blinded)

. — Alt PLS-1 Alt RA-1 Mono-1 & Multi-1
Inactivated split material Inactivated split material, lyophilized Inactivated split material
Alt PLS-2 Alt RA-2 Mono-2 & Multi-2

Manufacturer-2

Inactivated subunit material Inactivated subunit material, lyophilized Inactivated subunit material
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(uL/min) 150X dilution (RU) 300X dilution (RU) 600X dilution (RU)

30 7442 606.7 4672

A/Michigan/45/2015 DS 50 7503 609.9 4752
100 7502 6123 4794

30 2522 161.8 986

A/Hong Kong/4801/2014 DS 50 2544 1632 995
100 2554 164.7 1009

30 2350 1592 1033

B/Brisbane/60/2008 DS 50 2310 1549 99.8
100 2223 1474 935

30 3339 2364 159.8

B/Phuket/3073/2013 DS 50 3338 2342 157.1

100 329.2 229.7 152.3





