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Abstract

Objectives To assess whether a commercially available CE-IVD, ELISA-based surrogate neutralisation assay (cPass, Genscript) provides a genuine
measure of SARS-CoV-2 neutralisation by human sera, and further to establish whether measuring responses against the RBD of S was a
diagnostically useful proxy for responses against the whole S protein.

Methods Serum samples from 30 patients were assayed for anti-NP responses, for ‘neutralisation’ by the surrogate neutralisation assay and for
neutralisation by SARS-CoV-2 S pseudotyped virus assays utilising two target cell lines. Correlation between assays was measured using linear
regression.

Results The responses observed within the surrogate neutralisation assay demonstrated an extremely strong, highly significant positive correlation
with those observed in both pseudotyped virus assays.

Conclusions The tested ELISA-based surrogate assay provides an immunologically useful measure of functional immune responses in a much
quicker and highly automatable fashion. It also reinforces that detection of anti-RBD neutralising antibodies alone is a powerful measure of the
capacity to neutralise viral infection.

Introduction

SARS-CoV-2, the aetiological agent of COVID-19 disease, has been the focus of intense research efforts since its emergence in late 2019.
Development of clinical interventions and diagnostic tools has proceeded at a rapid pace. However, as we move towards the deployment of
widespread vaccination programmes, additional challenges will emerge. An important aspect moving forward will be the capacity for long term
monitoring of the functional immune response against SARS-CoV-2 at a population level. Whilst SARS-CoV-2 infection is known to elicit potent
neutralising antibody responses, these can wane within the span of a few months, particularly in those who only suffer a mild infection (Callow et al,
1990; Seow et al., 2020). However, an independent study demonstrated that whilst antibody titres may drop the specific neutralising activity of the
antibody response improves between 1-6 months post infection. Furthermore, the authors reported stable levels of circulating memory B cells
suggesting that individuals will be better protected upon re-exposure — a fundamental principle of immunological memory (Gaebler et al., 2020;
Rodda et al,, 2021). These studies exemplify the importance of monitoring antibody responses and, furthermore, the quality of the antibody response.
To date, antibody titres can be assessed by commercial assays but, often, the antibodies measured in these assays are typically those that target the
nucleocapsid protein (NP), and no attempt is made to measure how functional these responses are.

A more immunologically relevant viral target for antibodies is the SARS-CoV-2 surface glycoprotein spike (S). The S protein facilitates binding to
human angiotensin-converting enzyme-2 (ACE-2) via its receptor-binding domain (RBD) (Hoffmann et al., 2020; Lan et al., 2020; Letko, Marzi and
Munster, 2020; Shang et al., 2020). The isolation of various highly potent monoclonal antibodies directed against the RBD reinforces the importance
of this particular region of the S protein (Noy-Porat et a/,, 2020; Rattanapisit et al,, 2020; Tian et al,, 2020). Consequently, long term monitoring of
specifically neutralising antibody levels against S protein, or just the RBD, is likely to provide a more clinically useful measure of functional immunity
against SARS-CoV-2. This is heightened even further by the fact that vaccine development has logically focused on generating immune responses
against the S protein (Baden et al., 2020; Krammer, 2020; Polack et al., 2020; Voysey et al., 2020), and thus these responses would not be detected by
an NP-specific assay.

Ideally, neutralising antibody responses would be assayed by measuring the ability of patient sera to prevent infection of physiologically relevant
target cells (e.g. primary lung epithelial cells) by wildtype SARS-CoV-2. However, this requires a high level of expertise, equipment and containment
facilities, and is not feasible on a large scale. An attractive alternative is the generation of pseudotyped viruses, often used in vitro for genetic
modification of cells, which are produced from a combination of multiple plasmids and thus cannot propagate in isolation (Nie et al,, 2020). Although
this approach does have limitations it does allow specific analysis of antibody responses against S protein in a more high-throughput manner.

Whilst pseudotyped viruses represent a highly tractable middle ground between studying fully infectious SARS-CoV-2 and studying proteins in
isolation, they still require a level of expertise to utilise effectively, are vulnerable to biological and experimental variation and assays that employ
them can take over 24 hours, potentially multiple days to return results. Thus, a validated measure of neutralising antibody responses against S
protein that could be measured in a simple rapid ELISA-type assay has important implications for large scale rapid assessment of antibody activity.
Thus our remit was to determine whether a commercially available ELISA-type surrogate virus neutralisation kit (Genscript cPass SARS-CoV-2
Surrogate Virus Neutralization Kit), which claims to specifically measure neutralising antibodies against SARS-CoV-2 S RBD was capable of: a)
detecting neutralising antibody responses in serum samples confirmed positive for antibodies against NP, b) whether those responses correlated with
those determined by pseudotyped virus neutralisation assay and therefore c) whether measuring responses solely against the RBD of S protein is
indicative of responses against the S protein as presented in a viral context.

Methods

Cell culture conditions
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Hela cells constitutively expressing ACE2 (Hela-ACE2, a kind gift from James Voss (Rogers et al., 2020)) and 293T/17 (ATCC CRL-11268) cells were
incubated at 37°C at 5% CO, in DMEM (Gibco) supplemented with 10% fetal calf serum and 100U/ml penicillin/streptomycin cocktail.

A panel of anonymous residual serum samples surplus to diagnostic requirements from the Royal Free archive (as such use of these sera is exempt
from specific ethical approval) were used to undertake the neutralisation assay assessment. These samples were previously classified as positive (n
= 15) and negative (n = 15) for SARS-CoV-2 nucleocapsid antibody serology using the Roche Elecsys Anti-SARS-CoV-2 Assay. Testing was performed
as per manufacturer's instructions.

Samples were heat inactivated by treatment at 56°C for 30 minutes prior to usage in any further assays.

Surrogate viral neutralisation assay (SVN assay)

Serum samples were tested for neutralising activity using the SARS-CoV-2 Surrogate Virus Neutralization Test Kit (cPass Assay, Genscript) as per
manufacturer’s instructions. Briefly, samples and provided positive and negative controls were diluted 1:10 with provided Sample Dilution Buffer.
125pl of sample/control was then mixed 1:1 with HRP-RBD solution and incubated at 37°C for 30 minutes. 100ul of each sample/control was added
to the provided hACE2 coated plate in technical duplicate. Plate was sealed and incubated at 37°C for 15 minutes. Wells were then washed 4x with
200pl of provided Wash Solution. 100l provided TMB solution was added per well and the plate incubated in the dark at room temperature for 15
minutes. 50ul of provided Stop Solution was added per well to quench reaction, and absorbance at 450nm was read immediately (Thermo Scientific
Multiskan FC Microplate Photometer).

Data was analysed as per manufacturer’s instructions. Relative inhibition was calculated by the equation:

0D value of Sample
Mean 0D value of Negative Control

Inhibition = (1 ) + 100

Values =20 were considered positive for neutralisation (as per manufacturer’s instructions), whilst those <20 were considered negative. Samples were
ranked in order from highest relative inhibition to lowest.

SARS-CoV-2 pseudotyped virus production

Solutions of the required plasmids and transfection reagents were prepared thusly: 0.6ug of pcDNA3.1-SARS-CoV-2-S (a kind gift of Nigel Temperton,
University of Kent), 0.6ug of pCMV8.91 and 0.9ug of pCSFLW were incubated in 50ul OptiMEM for 5 minutes. 6yl of TransIT-293 (Mirus) was added to
50p! OptiMEM (Gibco) and incubated for 5 minutes. Transfection reagent and plasmid mix were then combined and mixed by inversion. Mixture was
incubated at room temperature for 20 minutes with occasional inversion, followed by dropwise addition to 70% confluent 293T/17 cells in Tml DMEM
(Gibco) in a 6-well plate. Four hours post addition, 1.5ml additional DMEM was added to cells. Supernatant was harvested 48 hours post transfection,
spun at 5009 for 5 minutes to remove cell debris, and stored at -80°C.

Transfection of cells

5ug of pPCAGGS-ACE2 and 500ug of pCAGGS-TMPRSS2 were incubated in 500ul OptiMEM for 5 minutes. 15yl of TransIT-293 (Mirus) was added to
500u! OptiMEM and incubated for 5 minutes. Transfection reagent and plasmid mix were then combined and mixed by inversion. Mixture was
incubated at room temperature for 20 minutes with occasional inversion, followed by dropwise addition to 60% confluent 293T/17 cells in a 100mm
dish. Cells were utilised 48 hours post transfection.

SARS-CoV-2 neutralisation assay.

SARS-CoV-2 pseudotyped virus (a previously established quantity sufficient to produce 400,000 RLU in 293T/17 cells transduced with TMPRSS2 and
ACE?2) was treated in a total volume of 100ul with serial dilutions of sera or media only control for 1 hour at 37°C. Then, 2.5%10* Hela-ACE2 cells or
2.5%10% 293T/17 + ACE2/TMPRSS2 (in 100pl) were added to each well, and the mixture spun at 5009 for 5s. After 48h, media was removed, cells
washed with PBS and cells lysed with a 1:1 mixture of complete media and Bright-Glo luciferase reagent (Promega). After 5 minutes, luciferase
activity was read out using a luminometer (GloMax 96 Microplate Luminometer, Promega). Virus + cells only and cells only controls were included on
each plate to allow for normalisation of luminescence across multiple plates.

Analysis of pseudotyped virus data

Data from pseudotyped virus infection of Hela-ACE2 cells was ranked based on endpoint criteria, to reflect the measurements used in the SVN cPass
assay. Those samples capable of reducing luciferase activity by >95% at a higher dilution than others were ranked more highly (e.g. a sample that
reduced by >95% at 1:80 was ranked higher than one that reduced by >95% at 1:40 but not at 1:80). Samples that reduced by >95% at the same
dilution were ranked relative to one another based on their absolute performance at the lowest dilution at which they did not display a reduction of at
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least 95% (e.g. Sample A and sample B reduce by >95% at 1:20, but sample A reduces by 90% at 1:40 and sample B by 80% at 1:40. Sample A would
rank higher than sample B). Samples that could reduce luciferase activity by >95% at 1:10 dilution were considered positive for neutralisation, whilst
those that could not were considered negative.

Due to the increased dynamic range of the assay available in 293T/17 + ACE2/TMPRSS2 cells, performance in the pseudotyped virus neutralisation
assay was assessed by multiple criteria: Half complete neutralisation dilution (ND sy, i.e. the dilution at which the serum was capable of reduced the
luciferase signal by 50% of the activity observed in the absence of serum), 90% complete neutralisation dilution (NDgy) and maximum inhibition (i.e.
level of inhibition observed in the least dilute, 1:10 condition). ND5, was calculated using GraphPad Prism software, and NDg calculated using the
resultant NDg, and Hill slope (H) values by the equation:

1/H

NDgy = ND ( 10 )
%0~ TS0 V100 — 10

Samples were then ranked for each criterion according to their absolute performance. Correlation between different sets of ranked criteria was
performed within GraphPad Prism by simple linear regression.

Results

To perform our analyses, we first collected a bank of sera samples previously assayed for the presence of SARS-CoV-2 nucleocapsid protein (NP)
reactive antibodies. Fifteen samples were confirmed to be positive for antibodies to NP, whilst the remaining 15 samples were confirmed to be
negative (Fig 1A). The serostatus of the samples established by this assay was taken to be the baseline to which all following data was compared.
Sera were then heat inactivated and tested in parallel in both surrogate (SVN cPass) and pseudoviral neutralisation (PVN) assays (total summary of
data available in Figure S1).

The 30 samples were analysed in the SVN cPass assay, in which neutralisation is assessed by the ability of the sera to block binding of HRP-
conjugated SARS-CoV-2 S receptor binding domain (RBD) to a human ACE-2-coated ELISA plate (Figure 1B). Application of the manufacturer’s
advised cut-off of 20% resulted in 11 samples reporting as unambiguously positive for ‘neutralisation’, with a further sample considered ambiguously
positive (technical replicates lying either side of the cut-off, but with an average neutralisation of 21%).

The remaining 18 test samples were considered negative, in addition to the provided negative control. Importantly, all 15 samples considered negative
by the NP assay were also negative in the SVN cPass assay. However, 3 samples considered positive by NP assay were returned as negative by the
SVN assay. This could either represent false negatives or represent individuals whom failed to generate an effective neutralising response to the S
protein upon SARS-CoV-2 infection. We note that two of these samples (#22 and #23) did register positive values below the manufacturer's cut-off of
20% (4.8% and 12.8%, placing them 14™ and 12t in the SVN neutralisation ranking respectively), whilst all but 1 negative samples (#9 being the
exception) registered negative values (i.e. most negative samples had an ELISA OD reading above that of the provided negative control). One
interpretation is that the kit did detect a level of neutralising activity in these samples, but it was below the limit of sensitivity. The third ‘false negative’
(#5) performed extremely poorly, demonstrating less neutralisation than 12 negative samples. By this analysis, the SVN kit demonstrated a sensitivity
of 80% and a specificity of 100% based on NP antibody titres.

Next, we investigated whether SVN cPass assay performance correlated with responses against NP protein. To do this, a simple linear regression of
raw (Fig 1C) and ranked (Fig 1D) data for all samples was performed, resulting in an R? value of 0.669 (p<0.0001) and a correlation coefficient of
0.846 (p<0.0001) respectively. However, when only positive samples (as defined by NP antibody titre) were considered, the values fell to 0.401 and
0.465 for raw and ranked data. Whilst these values were still highly significant (p=0.0001 and p=0.006), the reduction in correlation between data sets
is likely indicative of the fact the two assays test for different antibody functions; namely, ability to bind NP protein against claimed ability to prevent
S protein RBD from binding the ACE2 receptor.

In order to assess whether the SVN cPass assay was genuinely capable of measuring neutralising activity, the same samples were used in two SARS-
CoV-2 lentiviral pseudotyped virus neutralisation (PVN) assays, employing different target cells. Sera samples were serially diluted and mixed with
pseudovirus particles bearing SARS-CoV-2 S envelope proteins, before the addition of either SARS-CoV-2 receptor ACE2-expressing Hela cells, or
293T/17 cells transfected to transiently express ACE2 and TMPRSS2. Successful entry into the cell by the virus resulted in integration of a luciferase-
expressing lentivirus construct, whose activity could be read out using standard luciferase techniques. Samples were then ranked according to criteria
described in the methods.

Summary data demonstrating the NDsg, NDgg and maximum response data generated from the infection of ACE2/TMPRSS2-expressing 293T/17
cells can be found in Fig 2A-C. The data indicate that all samples that were positive for NP antibodies demonstrated more potent neutralisation than
all but one of the negative samples (#9), all with ND5, values in excess of 25 (i.e. a 1:25 dilution of serum could reduce luciferase activity by at least
50%). Sample #9 demonstrated significant neutralising activity, with an NDg; value of 60.0 and an NDg value of 30.2, scoring higher than 5 and 8
NP-positive samples by each of these measures respectively. This is the same sample in which a below cut off degree of neutralisation was observed
in the SVN assay, suggesting that this sample does indeed harbour detectable neutralising capacity against S. Additionally, sample #5 performed
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poorly by all measures of neutralisation (ranking behind all other samples from positive individuals and sample #9 in ND5q and maximum response
values, and also behind a ‘negative’ sample in NDgq rankings). The extremely poor neutralisation demonstrated by this sample in the PVN assay
recapitulates what was observed in the SVN cPass assay.

To judge the performance of the SVN cPass assay against the PVN assay, the ranked performances of the samples were compared (Fig 3A-C).
Regardless of the ranked metric chosen (ICs, ICoo or maximal response), the ranked performance of the sample in the SVN assay correlated
extremely strongly with ranked performance in the 293T/17 cell PVN assay (R=0.871, R=0.874 and R=0.875 respectively, all p<0.0001). This strongly
suggests that the SVN does provide a genuine measure of neutralisation against the S protein. Interrogating only those samples considered positive
for NP-reactive antibodies generates an even more robust correlation between either ranked NDsq or NDgg values and ranked SVN values (R=0.946
and R=0.910 respectively, p<0.0001). We also observed that NP titre ranking correlated very similarly with PVN NDsq ranking (R=0.845, Fig 3D) as to
SVN ranking (R=0.846, Fig 1D).

Finally, to further interrogate the suitability of the SVN assay as a surrogate measure of antibody neutralising activity in sera, we repeated the PVN in
Hela cells transduced to stably express ACE2. This approach allowed us to characterise the SVN assay to a potentially TMPRSS-2-independent PVN
assay. Luciferase activity was much lower following infection of Hela-ACE2 cells in comparison to the transfected 293T/17 cells, and consequentially
increased noise in the data rendered ND5 values a poor method of ranking the data. However, clear neutralisation could still be observed, and so
samples were therefore ranked according to the dilution at which they could no longer reduce luciferase expression by at least 95% (Fig 4A, see
Methods). By this approach, all samples that were positive for NP antibodies were positive for neutralisation (could reduce luciferase activity by 95%
ata 1:10 dilution or higher), as well as one negative sample (#9, the same sample that demonstrated neutralising activity in the 293T/17 PVN assay
and limited neutralisation in the SVN assay). The best performing negative sample only demonstrated a 61.7% reduction in luciferase activity at a
1:10 dilution. These rankings were once again correlated against the rankings from the SVN cPass assay, demonstrating a strong positive correlation
coefficient of 0.823 (p<0.0001, Fig 4B). Thus, regardless of the cell type used for the PVN assay, the readout of neutralisation activity through both
approaches was highly correlative.

Discussion

Given the level of diagnostic activity surrounding the study of samples from COVID-19 patients, there is a pressing need for easily employable,
automatable assays that go further than simply measuring total antibody titres against particular antigens. Whilst these can provide useful
information, they do not constitute functional readouts of antibody activity. However, assays that can measure antibody functions such as
neutralisation or capacity to trigger antibody-dependant cellular cytotoxicity (ADCC) typically involve a need for cell culture and associated biological
procedures that are no longer routine in a diagnostic setting (Schnueriger et al,, 2011; Lewis et al,, 2019) . Here we have demonstrated that a
commercially available surrogate virus neutralisation assay produces data that strongly correlates with data from pseudotyped virus neutralisation
assays, that itself has been shown to strongly correlate with wild-type, authentic SARS-CoV-2 neutralisation assays, and consequently could be
employed for mass screening of individuals’ sera to measure the prevalence and intensity of neutralising antibody responses in a high-throughput
manner against an important vaccine target — the S protein of SARS-CoV-2.

The ability to screen large numbers of sera samples is likely to become increasingly useful as mass vaccination programmes begin to be rolled out
worldwide — particularly if the virus becomes endemic requiring seasonal vaccination. Thus, assays such as this provide an opportunity for
population-level monitoring of the neutralising antibody response present in these vaccinated individuals over time and may help to establish the
requirement for additional doses of the vaccine at later time points — particularly in vulnerable patient groups. Whilst neutralising antibody responses
are not the only immunologically relevant measure of vaccine efficacy, they are more readily measurable in large quantities of samples in comparison
to measurements of e.g. virus-specific CD4+ or CD8+ cells (Le Bert et al., 2020; Sattler et al., 2020; Sekine et al., 2020). Furthermore, assays such as
this are far more relevant in a vaccination setting than the currently employed anti-NP approach, as most vaccines in development are designed to
elicit protective immune responses against the S protein (Krammer, 2020). It is worth noting that the accuracy of this assay would require monitoring
in the context of emerging variants, particularly those with multiple mutations in the RBD (Tegally et a/., 2020; Voloch et al., 2020; Volz et al., 2021).
However, the simplicity of the assay should render testing of multiple RBD-HRP constructs, if required, readily achievable.

An additional insight from our study is comparison of how strongly neutralising responses against the whole S protein presented in the context of a
virus particle correlate with responses against only the RBD. This is promising for the development of further diagnostic tools to measure relevant
responses against the S protein, as use of only the RBD may be required, simplifying the production process and removing the need to produce stable
forms of full length S protein in the absence of a lipid membrane to embed into.

The one point of caution (based on our analyses) over the surrogate virus neutralisation assay was the observed sensitivity of 80% which may
actually be too stringent for characterising serostatus. However, optimisation of the process and, in particular, of the cut-off value (generated via the
value of the negative control) would likely improve this and can be incorporated into future assay standardisation and quality control. Additionally, all
samples were subjected to heat inactivation prior to use to remove components of the complement system for the PV neutralisation assay. Although
we analysed the same sera in both assays this is not required for the SVN cPass assay and may have led to a minor level of antibody degradation,
thus contributing to this reduced sensitivity. Whilst the kit currently does not claim to be suitable for quantitative analysis of neutralising responses,
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the strong correlations observed between performance in SVN and PVN suggest that it could be utilised for this purpose - if used alongside
appropriate standards. /n vivo there are always degrees of neutralising responses to target proteins, even in the absence of cognate infection, and
evidence of a weak level of neutralisation does not indicate evidence of effective neutralisation, thus employing these tools in a quantitative manner
is likely to be more informative (particularly if longitudinal samples from individuals are taken, e.g. to monitor for decline in responses following
vaccination) than applying a simple yes/no cut-off.

Although the focus of our study was to validate the SVN cPass assay we were intrigued by the identification of an individual with apparent
neutralising activity against S protein (albeit quite low) which was considered negative by nucleocapsid assays. Whether this reflects a more potent
response against S protein in that individual or, possibly, the presence of cross-reactive antibodies against the spike proteins of circulating seasonal
coronaviruses is not clear (Aldridge et al., 2020; Ng et al., 2020).

In summary, ELISA-type surrogate virus neutralisation assays, such as the Genscript cPass assay evaluated here, have the potential to reflect
physiologically relevant neutralisation of SARS-CoV-2. Consequently, their ability to be automated and performed rapidly renders them a highly potent
diagnostic tool for the ongoing monitoring of functional immune responses against the pandemic virus, at both the individual and particularly at the
population level.
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