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Low-volume antibody assays can be used to track SARS-CoV-2 infection rates

in settings where active testing for virus is limited and remote sampling is

optimal. We developed 12 ELISAs detecting total or antibody isotypes to SARS-

CoV-2 nucleocapsid, spike protein or its receptor binding domain (RBD), 3 anti-

RBD isotype specific luciferase immunoprecipitation system (LIPS) assays and a

novel Spike-RBD bridging LIPS total-antibody assay. We utilized pre-pandemic

(n=984) and confirmed/suspected recent COVID-19 sera taken pre-

vaccination rollout in 2020 (n=269). Assays measuring total antibody
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discriminated best between pre-pandemic and COVID-19 sera and were

selected for diagnostic evaluation. In the blind evaluation, two of these

assays (Spike Pan ELISA and Spike-RBD Bridging LIPS assay) demonstrated

>97% specificity and >92% sensitivity for samples from COVID-19 patients

taken >21 days post symptom onset or PCR test. These assays offered better

sensitivity for the detection of COVID-19 cases than a commercial assay which

requires 100-fold larger serum volumes. This study demonstrates that low-

volume in-house antibody assays can provide good diagnostic performance,

and highlights the importance of using well-characterized samples and

controls for all stages of assay development and evaluation. These cost-

effective assays may be particularly useful for seroprevalence studies in low

and middle-income countries.
KEYWORDS

antibody, diagnostic, ELISA, evaluation, SARS-CoV-2, COVID-19, immunity, luciferase
immunoprecipitation system (LIPS)
1 Introduction

The COVID-19 pandemic has caused over 6 million deaths

and significant morbidity worldwide and major disruption to

many societies (1). Mass testing for antibodies specific for SARS-

CoV-2 plays an important role in understanding prevalence and

transmission at the population level and has become a pillar of

COVID-19 surveillance in many countries including the UK (2).

In contrast to tests detecting the virus, antibody assays can

confirm previous infection and are particularly useful for

identifying undetected, often asymptomatic cases (3). This

provides a more sensitive and practical approach to estimating

prevalence than repeated testing of symptomatic individuals.

Moreover, measuring antibody responses to different antigens

and detecting specific antibody isotypes provides insights into

levels of immunity in populations and mechanisms of immune-

protection. Over time SARS-CoV-2 antibody testing is playing

an increasing role in shaping vaccine evaluation and policy (4,

5). In low and middle income countries, less viral antigen/PCR

testing is performed, thus data on infection and immunity

gathered through simple and affordable tests is essential to

guide vaccination rollout (6).

While many approaches to measuring antibodies to SARS-

CoV-2 have been reported previously (7, 8), there is considerable

variability in reported seropositivity rates determined using

different assays/platforms, so that robust conclusions relating

to population level exposure and immunity are elusive. Lab-

based commercial assays have been widely evaluated in target

populations in high income settings, offer good diagnostic

performance, and have been deployed effectively to determine

serological antibody status as well as to support clinical

diagnoses (9). However, these assays are costly, often require

dedicated specialist equipment, large sample volumes, and in
02
general do not fully characterize the antibody response in terms

of isotype. In contrast, lateral flow antibody assays require very

low sample volumes and can be cheaper. These user-facing tests

are suitable for large population surveillance and surveys, but

have shown sub-optimal performance for detection of SARS-

CoV-2 specific antibodies in evaluation studies (10). Sub-

optimal performance of antibody assays can lead to

uncertainty around persistence of antibodies and associated

immune protection. Non-commercial (‘in-house’) assays have

played an essential role in characterizing the antibody responses

in various large cohort studies (11, 12), but many lack

standardization and have been optimized/evaluated using

relatively small numbers of samples making their performance

unclear (13). A range of high-performance platforms such as

ELISA and Luciferase Immunoprecipitation System (LIPS)

assays have been reported and widely used for the

measurement of SARS-CoV-2 antibodies (7, 14). Although less

well known than ELISA, the LIPS platform offers an alternative

method for measuring SARS-CoV-2 specific antibody responses

that is more amenable to the use of competition (selecting for

high affinity antibodies), and has potential to improve specificity

for target antigens/epitopes (14, 15). LIPS also offers a wider

dynamic range, allowing quantification of antibody responses

using low sample volumes.

We therefore sought to utilize a varied and well

characterized set of samples from recent COVID-19 cases

(known positives) and pre-pandemic (known negative)

individuals to develop and retrospectively evaluate in-house

antibody assays for detecting recent infection. Multiple studies

have reported differing antibody titers and profiles in groups

with varying clinical outcomes (12, 16), as well as varying levels

of cross-reactive responses among pre-pandemic samples from

individuals of different ages (17). The COVID-19 cases therefore
frontiersin.org
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included severe and mild hospitalized PCR-confirmed and

clinically suspected cases as well as PCR-confirmed mild and

asymptomatic SARS-CoV-2 community infections (18) using

samples collected during the early stages of the pandemic (2020).

These were combined with large numbers of pre-pandemic sera

from multiple collections (known negatives) and distributed

across distinct stages of assay development and evaluation.

The assays included total antibody and isotype-specific,

standardized, low serum volume assays on two different

platforms (ELISA and LIPS) and a novel LIPS bridging format

with high throughput potential. To facilitate interpretation of the

assays, we also sought to relate the results of our binding

antibody assays to functional responses by comparing with

two different neutralization assay platforms. Finally, we

describe the process of reporting binding antibody in

international units and demonstrate the deployment of the

assays in a population of healthcare workers with unknown

serological and infection status.
2 Materials and methods

2.1 Study approval

This work utilizes various collections of samples collected

both before and during the COVID-19 pandemic via different

approvals and protocols. All samples were used in accordance

with the Human Tissue Act (2004) with appropriate consent and

ethical approvals in place. Further details are indicated in three

sections below.

2.1.1 COVID-19 cases
PCR confirmed and clinically suspected COVID-19 cases

were recruited via two independent routes in Bristol, United

Kingdom between April and November 2020 (prior to roll out of

vaccinations). PCR confirmed and clinically suspected severe

COVID-19 cases admitted to hospital were recruited into the

DISCOVER study at North Bristol NHS Trust for which HRA

Approval was granted by the South Yorkshire Research Ethics

Committee (20/YH/0121). Clinical and demographic features

were recorded during the in-patient stay and subsequently at

out-patient follow-up clinics. Respiratory samples were

submitted for SARS-CoV-2 PCR testing on admission or first

presentation; further samples were tested where initial samples

tested negative for SARS-CoV-2 RNA. Serum or plasma samples

were collected at various time points during in-patient and out-

patient follow-up.

In addition, healthcare workers (HCWs) at University

Hospitals Bristol, North Bristol NHS Trust and Weston NHS

Foundation Trust who had a previous positive nasopharyngeal

swab for SARS-CoV-2 by PCR were invited to donate blood

samples into the Bristol Biobank (NHS Research Ethics

Committee Ref 20/WA/0273). A clinical data form was used
Frontiers in Immunology 03
to collect details of symptoms, tests and other information

relating to the donor and their COVID-19 status at the point

of sampling. A subset of donors were invited back for a repeat

donation at >12 weeks post symptom onset.

2.1.2 Pre-pandemic samples
Samples collected prior to December 2019 were sourced

from various collections held in Bristol, UK, as detailed

in Table 1.

2.1.3 Samples from a longitudinal cohort of
hospital-based healthcare workers collected
during the pandemic

Patient-facing clinical staff members working in the

Children’s Emergency Department (CED) of Bristol Royal

Hospital for Children, including doctors, nurses and healthcare

assistants were invited to take part in the LOGIC (LOnGItudinal

Study of COVID-19: Symptoms, Virology & Immunity) study in

April 2020; REC reference number 20/YH/0148. In this study,

participants donated blood samples over a 12-month period.
2.2 Serum and plasma sample collection

Blood from suspected and proven recent COVID-19 cases

was collected into SST vacutainers (BD Biosciences) and serum

was separated by centrifugation at 1300g for 10 minutes, before

being aliquoted into cryovials and stored at -70°C.
2.3 Heat inactivation

Samples from suspected and proven PCR confirmed COVID-

19 cases were heat treated to inactivate live virus, at 56°C for 30

minutes according to local and national health and safety guidance.
2.4 Antigen production

2.4.1 SARS-CoV-2 trimeric spike protein, and
receptor binding domain

SARS-CoV-2 Spike ectodomain and RBD were expressed in

Hi5 insect cells as previously described (7). The Spike

ectodomain construct was comprised of amino acids 1 to 1213

fused with a thrombin cleavage site followed by a T4-foldon

trimerization domain and a hexahistidine affinity purification

tag at the C-terminus. The polybasic furin cleavage site was

mutated (RRAR to A) (7). The construct for RBD was comprised

of amino acids 1-14 (secretion signal) and then 319-541 of the

Spike ectodomain and was followed by a hexahistidine affinity

purification tag at the C-terminus (7, 22). Both Spike protein and

RBD were purified using a previously described purification

protocol (23). Briefly, supernatant media containing expressed
frontiersin.org
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proteins were harvested from transfected cells 3 days post-

transfection and were incubated with HisPur Ni-NTA

Superflow Agarose (Thermo Fisher Scientific) for 1h at 4°C.

Resin bound with SARS-CoV-2 Spike or RBD protein was

separated and extensively washed with wash buffer (65 mM

NaH2PO4, 300 mM NaCl, 20 mM imidazole, pH 7.5) and finally

protein was eluted with buffer (65 mMNaH2PO4, 300 mMNaCl,

235 mM imidazole, pH 7.5). Eluted protein was then

concentrated, and buffer exchanged to phosphate-buffered

saline (PBS) pH 7.5 using 10 kDa (for RBD) and 50 kDa (for

Spike) MWCO Amicon centrifugal filter units (EMDMillipore).

Concentrated proteins were then aliquoted, flash frozen in liquid

nitrogen and stored at -70°C until further use.

2.4.2 Nucleoprotein (ELISA)
The E. coli codon optimized nucleotide sequence of full-

length nucleoprotein from SARS-CoV-2 was synthesized by

GenScript. The sequence was synthesized with an NdeI

restriction site at the 5’ end and the BamHI site at the 3’ end

and cloned into pET28a expression vector. All proteins were

expressed with C-terminal His6-tags to facilitate subsequent

purification. The recombinant plasmids (pET28a-NP-FL) were

transformed into E. coli strain BL21 (DE3). Protein expression

was induced by the addition of 1 mM IPTG and then incubated

overnight at 20°C. Cells were pelleted by centrifugation and

resuspended in 20 mM Tris pH 8, 500 mM NaCl, 10 mM

imidazole, 1 mM NaF and 1 mM PMSF. Cells were lysed by

passage through a French Press cell (Spectronic Instruments)
Frontiers in Immunology 04
and the resulting lysates were centrifuged at 39,000g at 4°C for

30 min. The supernatant was applied to a HisTrap HP nickel

affinity column (GE Healthcare) and washed with a series of

gradient wash buffers (20 mM Tris pH 8, 500 mM NaCl, 10, 20

and 40 mM Imidazole). The protein was eluted in 20 mM Tris

pH 8, 500 mMNaCl and 500 mM imidazole and further purified

by size exclusion chromatography using a HiLoad 16/600

Superdex 200 ® pg column (GE Healthcare) equilibrated and

eluted in 20 mM Tris pH 8 and 500 mM NaCl. Peak fractions

were pooled and concentrated in a 10 kDa MWCO Vivaspin

ultrafiltration unit. Protein concentration was determined using

the Bradford assay. Typical yields of N proteins after Ni-NTA

and size exclusion chromatography was approximately 9 mg/L.

Purified proteins were analyzed by SDS-PAGE and by Western-

blots assays using an anti-His tag antibody (Sigma).

2.4.3 Luciferase tagged RBD for LIPS
RBD antigen tagged with a luci ferase reporter

(nanoluciferase, Nluc) was generated and provided by Dr Vito

Lampasona (Milan) for a Luciferase Immunoprecipitation

System (LIPS) assay (14, 23).
2.5 Production of in-house standard
and controls

To allow for assay standardization and to monitor quality

control of results over time, including intra- and inter- plate
TABLE 1 Details of pre-pandemic samples collated from various collections including research ethics committee (REC) references, sample types
and years of collection, numbers and distribution in sample sets.

Cohort Donor type Sample
types

Year/s of
collection

Ethical approval details of use
and/or reference/s

Number of
samples and
distribution in
sample sets

1998 Blood Donors Healthy adults Serum 1998 Approved by Wales REC 6, reference 19/WA/0295 Threshold set n = 226;
Validation set n = 286

2019 Blood Donors Healthy adults Plasma 2019 NHSBT Bioresource samples approved for use by NHSBT
internal review and approved by Yorkshire & The Humber
- Leeds West Research Ethics Committee reference REC
20/YH/0168

Threshold set n = 27;
Validation set n = 171

Avon Longitudinal Study or
Pregnant women And Children
(ALSPAC) cohort and healthy
controls

Longitudinal cohort
of children aged 7, 9,
13, 15, 17.

Serum
and
Plasma

Various
between
1998-2017

Ethical approval for the use of these samples was obtained
from the ALSPAC Ethics and Law Committee and the
Local RECs (19, 20);

Threshold set n = 100

Healthy control adults Healthy control
adults aged 20-60.

Serum
and
Plasma

2014 Ethical approval obtained from South West Frenchay
Proportionate Review Committee, Bristol, UK reference 14/
SW/0087 (21).

Threshold set n = 48

Bristol Biobank Healthy adults and
children participating
in research studies

Serum Various
between
2006-2015

Samples released under approved Biobank Use application
(U-0042). Ethics REC reference 20/WA/0273.

Threshold set n = 2;
Validation set n = 106

Pneumonia/pleural cases Hospitalized adults
with pleural empyema
or parapneumonic
effusion

Serum Various
between
2009-2016

Samples drawn from a prospective observational study with
full REC approvals (08/H0102/11)

Validation set n = 20
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variability, control material was generated from large volume

serum samples with known recent infection and well-

characterized antibody status. For the pooled standard, (which

was used for all ELISA assays, the RBD LIPS Bridging and IgG

assays) sera from 3 mildly affected PCR-confirmed cases were

combined and aliquoted.
2.6 ELISA

The ELISA protocol is based on the RBD screening and

Spike confirmatory ELISA assays described in (7, 24) with some

modifications. MaxiSorp high-binding ELISA plates (NUNC)

were coated with Spike (10 µg/ml), RBD (20 µg/ml) or N protein

(20 µg/ml) in PBS and incubated overnight at 4°C (except for

IgM ELISAs, where all antigens were coated at 2 µg/ml).

Subsequent steps were all performed at room temperature

(RT). Unbound antigen was removed with 3x washes in PBS

with 0.1% v/v Tween-20 and plates were blocked for 1 hour with

3% BSA/PBS or 3% milk (Sigma) for IgM assays. Serum samples

were diluted in either 1% BSA/PBS or 1% milk (for IgM only)

and incubated on the plate (100 µl per well) for 2 hours. After

washing, HRP-conjugated anti-human Pan-Immunoglobulin

(Pan) (Sigma), IgG (Southern Biotech), IgA (Sigma) or IgM

(Sigma) secondary antibody, in the same dilution buffer as the

samples, was added (50 µl per well) and incubated for 1 hour.

Plates were washed and dried before development with the HRP

substrate OPD (SigmaFast; 100 µl per well). The reaction was

terminated after 30 minutes by the addition of 3 M HCl (50 µl

per well). Optical density was measured at 492 nm and 620 nm

on a BMG FLUOstar OMEGA MicroPlate Reader with MARS

Data Analysis software. The 620 nm reference wavelength

measurements were subtracted from the 492 nm wavelength

measurements for each well to give background corrected values.

Averaged blank values from wells containing no serum were

then subtracted from all experimental values for each plate.

Three read out approaches were explored for test samples:

OD values normalized to the internal positive control, an area

under the curve (AUC) generated from a 4-point dilution series

(where available), and an interpolated value (arbitrary units).
2.7 LIPS

Non-competitive: The Nluc-RBD antigen (5) was diluted in

20 mM Tris, 150 mM NaCl, pH 7.4 with 0.5% v/v Tween-20

(TBST) and 0.05% casein to 4x106+/-5% light units (LU) per

25µl. All steps were carried out at RT, unless specified. Reagents

were stored at 4°C, TBST and diluted antigen were used directly

from 4°C, Nano-Glo® substrate was equilibrated to RT before

use. Serum samples (1µl, 2 replicates) were pipetted into a 96-

well plate and incubated with 25µl diluted antigen for 2 hours in

a dark area. Immunocomplexes were precipitated using 2.5µl
Frontiers in Immunology 05
glycine-blocked Protein A Sepharose 4 fast flow (GB-PAS) (GE

Healthcare Life Sciences, Chicago, IL, USA) and 2.5µl

ethanolamine-blocked Protein G Sepharose (EB-PGS) (GE

Healthcare Life Sciences) (washed 4 times in TBST) for 1hr

with shaking (~700rpm). Precipitates were washed 5 times with

TBST and then transferred to a 96-well Optiplate™ (Perkin-

Elmer, Waltham, MA, USA) and excess buffer removed by

aspiration. Nano-Glo® substrate (40 µl, Promega) was injected

into each well immediately before counting in a Hidex Sense

Beta (Hidex, Turku, Finland).

Competitive: To overcome cross reactive responses from

non-COVID-19 samples, SARS-CoV-2 RBD protein (as used in

ELISA) was used to outcompete the Nluc-RBD label. A range of

concentrations of RBD were tested with 8x10-8 mol/L showing

good affinity for RBD specific IgG. Sera (1µl, 4 replicates) were

pipetted into a 96 well plate. The Nluc-RBD antigen was diluted

in TBST with 0.05% casein to 4x106+/-5% LU per 25µl with or

without unlabeled RBD added at a final concentration of 8x10-8

mol/L. Two replicates of each samples were incubated with

Nluc-RBD and two replicates with competition of Nluc-RBD

binding with unlabeled RBD. Immunocomplexes were

precipitated and measured as outlined above. Where

antibodies were of higher affinity unlabeled RBD outcompeted

binding of Nluc-RBD, lowering the LU measured. A delta LU

was calculated (mean LU of non-competed wells - mean LU of

competed wells) and then interpolated from LU by the standard

curve, creating LIPS units corrected for non-specific binding.

IgA and IgM measurement: IgA was measured in 1µl serum

per replicate, with competitive displacement (as for IgG) and

immunoprecipitated using 3.75 µl per well IgA agarose (Sigma),

in place of GB-PAS/EB-PGS. IgM was measured in 2µl serum

per replicate, without competitive displacement using 5µl per

well IgM agarose (Sigma).

2.7.1 Spike-RBD bridging LIPS
To develop a novel LIPS bridging assay format for high

throughput requirements, Spike antigen diluted to 2.5ng/µl in

40µl PBS was pipetted into every well of a 96-well high-binding

OptiPlate™ (Perkin-Elmer, Waltham, MA, USA) and incubated

for 18hrs at 4°C. The plate was washed 4 times with TBST and

blocked with 1% Casein in PBS (Thermo Scientific, Waltham,

MA, USA). The plate was left to air-dry for 2-3hrs before being

stored with a sachet of desiccant in a sealed plastic bag at 4°C and

used within three weeks.

The Nluc-RBD antigen was diluted in TBST to 10x106+/-5%

LU per 25µl. Sera (1.5µl, 2 replicates) were pipetted into a 96-

well plate and incubated with 37.5µl diluted labelled antigen for

2hrs. Of this mixture, 26µl was transferred into the coated

OptiPlate and incubated shaking (~700rpm) for 1.5hrs. The

plate was washed 8 times with TBST, excess buffer was removed

by aspiration, then 40µl of a 1:1 dilution of Nano-Glo® substrate

(Promega) and 20mM Tris 150mM NaCl pH 7.4 with 0.15% v/v

Tween-20 was injected into each well before counting in a Hidex
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Sense Beta Luminometer (Turku, Finland). Units were

interpolated from LU through a standard curve.
2.8 Roche SARS-CoV-2 anti-
nucleocapsid antibody assay

Serum samples from PCR-confirmed cases were analyzed

using the commercial Elecsys® Anti-SARS-CoV-2 (Roche) in

the Department of Microbiology, Infection Sciences, Southmead

Hospital, North Bristol NHS Trust, Southmead Road, BS10 5NB,

UK following manufacturer’s instructions. Elecsys® Anti-SARS-

CoV-2 is an immunoassay for the in vitro detection of total

antibodies (including IgG) to SARS-CoV-2 in human serum and

plasma. The assay uses a recombinant protein representing the

nucleocapsid (N) antigen in a double-antigen sandwich assay

format, which favors detection of high affinity antibodies against

SARS-CoV-2.
2.9 Microneutralization assay

VeroE6 cells (ATCC) were cultured in Dulbecco’s Modified

Eagle’s medium containing GlutaMAX (Thermo Fisher

Scientific) supplemented with 10% fetal calf serum (FCS)

(Thermo Fisher Scientific) and 0.1 mM non-essential amino

acids (NEAA) (Sigma Aldrich) at 37°C in 5% CO2. For

immunofluorescence analysis, cells were seeded the day prior

to infection in appropriate media in µClear 96-well Microplates

(Greiner Bio-one). Neutralizing capacity of human serum

samples was quantified using a microneutralization assay as

previously described (23). Briefly, heat-inactivated serum was

serially diluted 2.5-fold from 1:20 for 8 dilutions and incubated

with live virus (SARS-CoV-2/human/Liverpool/REMRQ0001/

2020) for 60 mins at 37°C. Following incubation, the mixtures of

virus and diluted sera were added to VeroE6 cells and incubated

for 18 hours before being, fixed and stained with antibodies

against the SARS-CoV-2 N protein (1:2000 dilution; 200-401-

A50, Rockland) followed by an Alexa Fluor-conjugated

secondary antibody (ThermoFisher) and DAPI (Sigma

Aldrich). Images were acquired on the ImageXpress Pico

Automated Cell Imaging System (Molecular Devices) using a

10X objective and infected cells detected and quantified using

Cell ReporterXpress software (Molecular Devices). The

percentage of infected cells was calculated relative to control

wells which contained virus only, without serum.
2.10 Pseudovirus neutralization assay

Luciferase-expressing vesicular stomatitis virus (VSV*DG-
FLuc particles) were a gift from Yohei Yamauchi. VSV-G-

harboring BHK21 cells were infected with VSV*DG-FLuc
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particles to generate complemented VSV*G-FLuc particles as

previously described (25). To generate Spike-harboring

pseudovirus (VSV-S-FLuc), 293T cells were seeded and

transiently transfected with a plasmid corresponding to the

original Wuhan strain Spike protein (pCAGGS-S2-spike) using

Turbofect transfection reagent (ThermoFisher R0532) for 16

hours following the manufacturer’s instructions. Transfected

293T cells were then infected with VSV*G-FLuc particles for 2

hours, washed with PBS, then incubated with fresh DMEM,

supplemented with 10% FBS and 1:2000 (v/v) I1 (anti-VSV-G)

antibody (absolute antibody Ab01401-10.3). Optimal pseudotype

cell entry was achieved using VeroE6 cells stably expressing the

human angiotensin-converting enzyme 2 (ACE2) receptor and

the cell surface protease TMPRSS2 (Vero ACE2 TMPRSS2

(VAT) cells, which were a kind gift from Dr Suzannah Rihn,

MRC-University of Glasgow Centre for Virus Research (26).

For pseudovirus neutralization assays, 10,000 VAT cells were

seeded per well in opaque, white 96-well plates. The following

day, serum samples were titrated 2.5-fold, 9 times across 96-well

plates from a starting dilution of 1:40. Pseudovirus corresponding

to 10,000 RLU was immediately added to each well, mixed and

incubated for 1 hour. After aspirating cell media from VAT cells,

pseudovirus/serum and control mixtures were added to

corresponding wells on VAT cells and incubated at 37°C 5%

CO2 overnight. Luminescence measurements were taken 16

hours after infection, using the ONE-Glo Luciferase Assay

System (Promega). Luminescence was measured using a Tecan

Infinite 200 plate reader at room temperature.
2.11 Blinding of validation set

The validation set of samples (n=807) were split into multiple

aliquots (n=5) for randomization and blinding by assigning a new

barcode ID for each aliquot. The 5 sets of samples each had a

unique order and the LIPS and ELISA assays were performed one

separate sets, such that each lab remained blind to the results of

the other. Screening ELISAs were performed on the same samples

at the same time. Unblinding took place after all assay were

performed and the data had been finalized.
2.12 Statistical analysis

Data analyses were performed using either R software

(version 4.2.0) with R Studio (2022.07.1+554), or GraphPad

Prism (version 9) as detailed below.

2.12.1 Standardization to serum pool standards
In both ELISA and LIPS assays, each plate or set of 2 plates

included a dilution series of the in-house serum pool, to

standardize sample values and control samples across plates.

For the ELISA assay, sample values are reported as normalized
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ODs, where average OD values are divided by the top standard

value in the plate. However, sample readouts using other

methods including interpolated unit values (from a 4-

parameter logistic regression model fit (on Prism or within

BMG software) to the 7-point standard pool dilution series)

and AUC from sample dilution series were used in the

development stage. For LIPS assays, the raw luminescence unit

values for the standard pool dilution series across two plates

were fitted to a logarithmic curve to allow for interpolation of in-

house unit values to average raw light unit values for samples.

TheWHO International Standard (First WHO International

Standard for anti-SARS-CoV-2 immunoglobulin (human)

(NIBSC code 20/136) and the WHO Reference Panel (First

WHO Reference Panel for anti-SARS-CoV-2 immunoglobulin)

(NIBSC Code 20/268) were both purchased from the National

Institute for Biologic Standards and Control (NIBSC), Potters

Bar, Hertforshire, UK in 2021.

2.12.2 Diagnostic accuracy estimates and
setting of thresholds

Performance of candidate tests for discriminating between

pre-pandemic and COVID-19 samples was performed using

Receiver Operator Characteristic (ROC) Curve analysis. From

such analysis of threshold set samples, thresholds meeting the

following criteria were identified (for each assay) and selected for

evaluation in the blind evaluation: 99th centile of pre-pandemic

levels (to achieve 99% specificity); 98th centile of pre-pandemic

samples, and the point at which the highest Youden’s index is

achieved (Jmax). In selected samples sets based on

recommended categorization of COVID-19 cases, sensitivity

and specificity at target thresholds were determined using

ROC curve analysis and, where appropriate, estimates on

sensitivity and specificity were reported at a pre-specified

threshold; 95% confidence intervals around these estimates

were calculated using the Clopper method without correction

for multiple comparisons.

2.12.3 Correlation
Associations between the results of the different assays were

assessed using the Kendall's Tau correlation method. Multiple

correlations were combined into a correlation matrix and plotted

using the corrplot package in R.

2.12.4 Assessing for parallel lines
To assess for parallelism between the in house and

international serum standards, a full standard curve (in

duplicate) of the in-house pooled standard was ran on the

same plate as the WHO international standard (NIBSC code

20/136 as above), at the appropriate dilution range for each

assay. This was repeated up to 3 times to ensure robust

comparisons and to account for inter-plate variability.

Duplicate ODs from each dilution in each series were
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averaged, and plate replicates were combined as repeats for

each standard and fitted to a non-linear regression model

(usually 4-parameter logistic) curve. The combined dilution

series for each standard (where average ODs from each plate

were classed as replicate values) were used to assess for goodness

of fit of two nested models: one where the HillSlope of the

models is shared, and one where they differ. The resulting F

statistic and P value determine whether the Model where

HillSlope is shared (i.e. the lines are parallel for the midpoint).

2.12.5 Assigning BAU values to in
house standards

For those assays where the international standard and in-

house standard were found to be parallel, replicated run values

were used to ascertain the IC50 values for each standard,

followed by the ratio between the control samples to

determine the conversion equation.
2.13 STARD Checklist

This study conforms to the STARD checklist for publishable

diagnostic accuracy studies (27), as outlined in Table S1

(Supplementary Material).
3 Results

3.1 Sample collections and study flow for
assay evaluation

We collected well characterized plasma and serum samples

from multiple sources and distributed them into sets for distinct

stages of assay development and evaluation (Figure 1). The

‘known negative’ samples were pre-pandemic samples from a

range of donor types including adult blood donors, and adults

and children involved in research studies. A small group of adult

hospitalized patients with pneumonia/other pleural conditions

were also included (Figure 1A). The cohort of COVID-19 cases

were recruited via two routes in 2020 (prior to vaccine rollout):

1) convalescent hospital workers identified after receiving a

positive PCR test, and 2) patients confirmed and/or clinically

suspected to have COVID-19 at the point of recruitment during

inpatient/outpatient hospital/secondary care visits in Bristol, UK

(Figure 1B). The COVID-19 cohort included the full spectrum of

disease (asymptomatic to severe/fatal) and encompassed a range

of times since symptom onset or PCR confirmation (those

without PCR confirmation were clinically suspected based on

symptom presentation in hospital). The sample sets were used

for development and evaluation as shown in Figure 1C, with

only the optimal screening assays being included in the full

diagnostic evaluation process.
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3.2 Assay optimization and selection of
screening assays

By building on an ELISA protocol made widely available at the

start of the pandemic, we used a subset of the threshold set of

samples (n=160) to optimize assay conditions to measure

antibodies specific to three antigens from SARS-CoV-2: the

Nucleocapsid (N), the receptor binding domain (RBD) of Spike,

and the stabilized trimeric Spike protein, with a focus on achieving
Frontiers in Immunology 08
discrimination between pre-pandemic and COVID-19 samples

using small serum/plasma volumes (<10 µl). For each antigen, a

suite of ELISAs was set up to measure either total antibody/Pan

Immunoglobulin using a commercially available ‘anti human

IgG’ secondary antiserum which detects the Fab region (i.e.,

anti-IgG H+L) and therefore detects all isotypes, (hereafter

labelled ‘Pan’), or IgG, IgA and IgM isotypes (using class-

specific secondary antibodies) (Figure S1). We generated a

pooled serum ‘standard’ from donors with high responses to all
A B

C

FIGURE 1

Distribution of samples into sets, and flow diagram of assay development and evaluation. In-house COVID-19 antibody assays using pooled
controls and a set of well characterized samples to first optimize and then set thresholds for positive and negative. (A) Known negative samples
were all collected pre-pandemic (i.e. pre-December 2019) from various Biobanks and included adult and child plasma and serum samples from
research studies, adult blood donors and a small collection of samples from hospitalized cases of pleurisy. (B) Known positive samples were
collected from a full spectrum of COVID-19 adult cases, including RT-PCR confirmed COVID-19 cases recruited in convalescence from the
community and PCR confirmed and clinically suspected COVID-19 cases recruited in hospitals. (C) Flow diagram showing use of sample sets in
assay development, selection of screening assays and diagnostic evaluation. A total of 16 assays including isotype-specific and total antibody
assays on both ELISA and LIPS platforms were optimized using a subset of the threshold set of these samples (n = 160 or n = 180depending on
assay platform) for initial selection of candidate screening assays (Stage 1). * Note that whilst the number of threshold set samples used for
optimization was comparable for ELISA and LIPS assays, the exact samples used differed slightly due to low samples volume for use across 16
assays. The assays which performed best for each antigen/platform combination were then taken forward for the full threshold setting to
determine optimal thresholds for specificity (stage 2) including the remaining n = ~300 samples for all 4 screening assays (i.e. total of n = 446).
Candidate screening assays with pre-defined thresholds were then deployed on a blind validation cohort containing n = 222 samples from
COVID-19 cases and n = 585 pre-pandemic samples. The performance characteristics were defined using the validation set to guide utility of
deployment. The 12 x non-screening assays were subsequently used only for profiling of seropositive samples (stage 4) and comparing to
functional assays.
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antigens that was used to standardize between plates (Figure S2A).

The optimal dilutions for the standards, controls and samples to

achieve discrimination between pre-pandemic and COVID-19

samples were determined. We found that a single sample dilution,

normalized to a top standard control, could provide improved or

equivalent discrimination between groups when compared to

using AUC calculated from a 4-point dilution series or deriving

an interpolated value (respectively) (Figures S2B, C). Since the aim

was to optimize assays for discrimination, but also low sample-
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volume and high throughput, we elected to report ELISA results

as normalized ODs which are the simplest to perform. For

each antigen, the Pan (total antibody) ELISAs outperformed the

isotype specific assays in discriminating between pre-pandemic

samples and those from COVID-19 cases, as demonstrated

by greater AUCs after receiver operator characteristic (ROC)

analysis (Figures 2A, B).

A suite of LIPS assays measuring antibodies specific to the

RBD, were developed based on protocols outlined in (14), a
A

B

DC

FIGURE 2

Selection of screening assays and threshold setting with the threshold set. A subset of the threshold set samples were used for assay optimization
and then to compare performance of isotype/total antibody specific assays for each antigen/platform combination. (A) ROC curves showing the
relative performance of ELISAs using different secondary antibodies (Pan total antibody (Black); IgG (pink); IgA (green), IgM (purple) in a cohort of
n = 27 COVID-19 samples and n = 133 pre-pandemic samples from the threshold set. For all three antigens, the Pan/total antibody assays provided
the best performance as evidenced by highest AUCs. (B) Scatterplots showing the individual normalized OD readings for all three ELISA screening
assays (N Pan, RBD Pan and Spike Pan) in the full threshold set of n = 45 COVID-19 samples and n = 399 pre-pandemic), with the median
represented by a line for each group and the three thresholds for each assay indicated with a line across the plot: 1 – the 99th percentile of pre-
pandemic levels (orange dashed line); 2 - The 98th percentile (yellow dashed line); 3 – Youden’s index (blue dashed line). (C) ROC curves for all LIPS
assays deployed on a subset of the threshold set (n = 46 COVID-19 cases and n = 134 pre-pandemic) showing optimal performance with the
Spike-RBD Bridging LIPS assay, which was therefore taking forward for full threshold setting on the full threshold set (n = 446) with results shown in
the scatterplot in (D). (Interpolated unit values shown on y axis with log10 scale and broken axis to allow visualization of thresholds. To ensure all
results were plotted, a result of zero units was assigned a value of 0.001 for this graph. The three thresholds are indicated: 1 – the 99th percentile of
pre-pandemic levels (orange dashed line); 2 - The 98th percentile (yellow dashed line); 3 – Youden’s index (blue dashed line).
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study in which detection of serum RBD specific antibodies was

found to be associated with survival in hospitalized cases of

COVID-19. For measuring IgG and IgA isotypes, using

unlabeled RBD in competition with Nluc-labelled RBD was

found to improve discrimination between pre-pandemic and

COVID-19 cases (Figures S3A, B) whereas no optimal level of

competition was identified for IgM. For detection of total

antibody with high affinity for RBD, the novel Spike-RBD

bridging assay format was adopted in which plates coated with

trimeric stabilized Spike could bind samples prelabelled with

Nluc-RBD (Figure S1B). All LIPS-based assay results are

reported in interpolated units using the internal pooled serum

standard. As with the Pan ELISAs, the Spike-RBD bridging assay

demonstrated superior AUCs after ROC analysis amongst the

LIPS assays for discrimination between COVID-19 cases and

pre-pandemic controls when ROC curve analysis was performed

(Figures 2C, D). Despite using the same target antigen, the RBD

LIPS assays provided higher AUCs than the RBD-specific ELISA

assays for all antibody isotypes when the same samples sets were

compared (Figure S3).

In summary, we developed 16 antibody assays for detection

of COVID-19 antibody responses using <5 µl serum samples in a

single dilution, which can be scaled to high throughput. Since the

total antibody assays (i.e., N, RBD and Spike Pan ELISAs and the

Spike-RBD bridging LIPS) performed best for discrimination in

the optimization stage, these were designated as the best

candidates for screening assays to identify COVID-19

seropositive individuals.
3.3 Threshold setting

Candidate screening assays (n=4) were run on samples from

the full threshold set consisting of 399 pre-pandemic and 47

COVID-19 case samples (Table S2); the predominance of pre-

pandemic samples in this cohort highlights the aim to achieve

optimal specificity. Thresholds were determined using three

distinct criteria: 1) The 99th percentile of the negative (pre-

pandemic) controls; 2) The 98th percentile of the negative (pre-

pandemic) controls; 3) The highest Youden Index to achieve

balanced sensitivity and specificity (Figures 2B, C) and assay

performance in the threshold set was determined. In this sample

set, all assays provided good discrimination between COVID-19

and pre-pandemic samples (AUCs ranging from 0.95-0.997),

with the Spike-RBD bridging LIPS assay providing optimal and

almost perfect performance (AUC = 0.997, 95% CI 0.993-1.001)

(Table S3). We did not observe differences in pre-pandemic total

antibody assay signals between adults, teens and children (Figure

S4A). We compared background signal levels in serum and

plasma and found no statistical differences in signal between

matched plasma/serum from pre-pandemic donors (Figure S4).

Thus, using both serum and plasma samples, thresholds for each

assay were set which were identical for all age groups.
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3.4 Blind evaluation of screening tests
to detect confirmed and suspected
COVID-19 cases

The 4 screening assays measuring total antibodies were

tested on the full validation sample set (n=807) in a blinded

fashion. To explore sensitivity of candidate assays for different

periods post infection, the COVID-19 samples were divided into

3 time periods for diagnostic evaluation such that no repeat

samples were included in each group: Acute (< 21 days post

symptom onset (p.s.o) or PCR test), Early Convalescent (3-12

weeks p.s.o), Late Convalescent (>12 weeks p.s.o) (Table 2).

Results for the 4 screening assays are presented either as dot

plots or ROC curves (Figures 3A, C, D, F). Sensitivity and

specificity estimates (and 95% CI) of the assays at each pre-

defined threshold are reported (Table 3) and presented in

(Figures 3B, E). High specificity for recent COVID-19

infection was maintained from the threshold setting set, with

all thresholds providing >96% specificity (and most >98%); for

each assay, the threshold providing at least 98% specificity whilst

achieving optimal sensitivity was selected (Table 3), except for

the Spike Pan ELISA where the highest specificity provided was

97.3% (95% CI 95.9-98.5). Of note, the optimal threshold

method differed across the 4 assays, e.g. for the N Pan ELISA

the 98th percentile performed optimally, whilst for the Spike-

RBD bridging LIPS it was the Jmax value (highest Youden’s

index). The screening assays generally displayed low levels of

intra- and inter-assay variation; coefficients of variation were

between 1.8% and 23.4% for QC samples in the positive range

(Table S4).

We performed a sensitivity analysis to evaluate whether

inclusion of samples from clinically suspected COVID-19

cases, who were not virologically confirmed, and/or those

samples collected within 21 days p.s.o (i.e. in the Acute

group), was detrimental to diagnostic performance when

compared to including only samples from RT-PCR confirmed

individuals 3 weeks p.s.o (one sample per donor only)

(Figures 3C, F and Table S5). The performance of each assay

was best in the RT-PCR confirmed group, suggesting that some

of the suspected COVID-19 cases may not have been infected

with SARS-CoV-2.

The best performing assays for all groups were the Spike Pan

ELISA and the Spike-RBD bridging LIPS assay which provided

comparable sensitivities for detection of COVID-19 cases (i.e.

between 92.4-95.7% sensitivity for COVID-19 cases >21 days

p.s.o, depending on the group of interest (Tables 3, S5 and

Figure 3), and good specificity (between 96.7-98.5% depending

on the threshold used). It is important to consider that there

were differences in the proportions of COVID-19 cases from the

two recruitment streams included in the different COVID-19

time periods used to assess assay sensitivity, and that these

groups had different clinical/demographic features (Table 2). As

such, it is not possible to infer whether differences in
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performance across different time periods relates directly to time

since symptoms onset, and is not confounded by other

differences between the groups.
3.5 The spike-RBD bridging LIPS assay
and spike pan ELISA perform better than
a commercial high-volume assay for
detection of recent COVID-19 cases

We compared the sensitivity of the commercially available

Roche Elecsys serum assay (a high volume test using the

nucleocapsid as the target antigen) to the ELISA and LIPS
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screening assays using samples from n=218 COVID-19 cases

from the validation set for which sufficient volume of sample was

available. At the time of testing, this assay was the main assay

being used in clinical labs in the UK. The Spike-RBD Bridging

LIPS assay and the Spike Pan ELISA provided optimal sensitivity

for COVID-19 cases, with both providing 93.58% sensitivity for

RT-PCR confirmed cases whilst the Roche assay provided

89.30% (Figure 4A and Table S6); the N Pan and RBD Pan

ELISAs provided 77.01% and 76.47% sensitivity respectively.

Thus, whilst our in-house N Pan ELISA underperformed

compared to a commercial assay using the same antigen, the

two best performing assays (the Spike Pan ELISA and Spike-

RBD Bridging LIPS) were able to provide superior sensitivity for
TABLE 2 COVID-19 cases in validation cohort.

Hospitalized COVID-19
cases

Mild convalescent
clinic

Total Statistical
comparison$

Number of individuals 96 86 182 –

Sampling dates March – July 2020 May – August 2020 March – August
2020

–

Method of COVID-19 diagnosis, n (%) <0.0001

PCR-confirmed 71 (74) 86 (100) 159 (87.4)

Clinically Suspected 25 (26) 0 (0) 23 (12.6)

Age (at baseline)

Median years (range) 59 (19-89) 41.7 (18.4-68.8) 52 (18.4-89) <0.0001

Unknown, n (%) 0 (0) 2 (2.3) 2 (11.0) –

Female, number (%) 38 (40.4) 69 (80.2) 107 (58.8) <0.0001

Time since symptom onset (OR PCR+ test*), days, median
(range)

78 (0-126) 48 (11-122) 58.5 (0-133) 0.6881

Severity of infection, n (%) <0.0001

Asymptomatic 0 (0) 6 (16.7) 6 (3.3)

Mild (Symptomatic, not hospitalized) 0 (0) 77 (89.5) 77 (42.3)

Moderate (Hospitalized, no ventilatory support) 14 (14.6) 3 (3.5) 17 (9.3)

Severe (Hospitalized, required ventilatory support/high
care)

76 (79.2) 0 (0) 76 (41.8)

Died 6 (6.3) 0 (0) 6 (3.3)

Repeat Samples 0.0112

Total samples, n 127 95 222

Baseline, n (% of total samples) 96 (75.6) 86 (90.5) 182 (82.0)

Repeat 1, n (% of total samples) 30 (23.6) 9 (9.5) 39 (17.6)

Repeat 2, n (% of total samples) 1 (0.8) 0 (0) 1 (0.5)

Period post infection, n samples (% of total samples) <0.0001

Acute (0–3 weeks) 43 (33.9) 4 (4.2) 47 (25.8)

Early convalescent (3–12 weeks) 27 (21.3) 78 (82.1) 105 (57.7)

Late convalescent (>12 weeks) 57 (44.9) 12 (12.6) 70 (38.5)
*Where cases were asymptomatic, time since PCR test was used for this variable.
Clinical and demographic features relating to the n = 182 individuals diagnosed with COVID-19 whose samples (n = 222) were included to assess sensitivity of the screening assays.
Individuals were recruited via two main routes – either as part of secondary care in hospital, or community cases invited to a convalescent clinic at least 14 days after symptom onset.
Percentages are from total of individuals unless otherwise stated. $The clinical and demographic features of the two groups were compared (either using a Fisher’s exact or Chi-Squared test
for categorical data, or the Mann-Whitney U test for numerical data); and the p values are reported in the final column.
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some COVID-19 samples. Interestingly, the most marked

improvement in sensitivity over the Roche assay was shown in

the acute COVID-19 group, where the two best performing in-

house assays could detect an additional 15% of samples in

this group.

A comparison of the Spike Pan ELISA and Spike-RBD

bridging LIPS assays revealed very good concordance for the

detection of COVID-19 cases, but less so for the responses

recorded from pre-pandemic samples, where different

individuals were found to be positive on each assay (Figure 4B).

Kendall’s tau correlations were performed to compare screening

assay results (normalized ODs) on the full validation set.
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Strongest agreement was observed between the Spike and RBD

Pan ELISA results (Figure 4C). All isotype specific assays were

deployed on the seropositive COVID-19 cases; within this sample

set the strongest agreement between assays was for IgG and total

antibody (Pan or Bridging) responses on the same platform and

with the same antigen (Figure 4D).
3.6 Reporting in international units

To ensure antibody levels measured using the in-house

assays can be compared to those generated using other assays,
A B

D E F

C

FIGURE 3

Performance of screening assays in validation cohort. Dot plots showing assay results for the 3 screening ELISAs [N, RBD and Spike Pan] (A), and
the Spike-RBD Bridging LIPS (D); black dots represent pre-pandemic samples and pink dots represent COVID-19 samples separated by different
periods post infection: Acute; Early Convalescent; Late Convalescent. One misrepresentative highly positive pre-pandemic result has been
removed from (D) as analysis after unblinding indicated it was the result of human error after unmatching (it still is included in the ROC/
sensitivity analyses). (B, E) Boxplots indicating sensitivity and specificities for COVID-19 performed by each assay at each of the pre-defined
thresholds. (C, F) ROC curves indicating performance of each assay for differentiating acute (< 21 days p.s.o.; blue), early convalescent (21 days
– 12 weeks p.s.o; turquoise) or late convalescent (> 12 weeks p.s.o.; orange) COVID-19 cases from pre-pandemic samples in the blind validation
cohort. The performance for detection of the most likely to be ‘true seropositive’ COVID-19 cases is also included, i.e. those who were sampled
after 21 days after a confirmed PCR test (pink).
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we compared the WHO international standard to that of our in-

house standard pool on a subset of the ELISAs (N Pan and IgG,

Spike Pan and IgG). The WHO/NIBSC reference panel was used

to compare antibody levels measured with our assays to the

summary results using assays with similar antigen and antibody

specificity from the inter-lab comparison study (28). Serial

dilutions of both standards showed similar shaped curves

when fitted to a 4PL regression and parallel lines (i.e. shared

HillSlopes) for the two pools in all four assays (Figure 4E) thus

allowing for conversion to international binding antibody units

(BAU) values from the WHO standard to the in-house assays

when using interpolation (Table S7); approximate BAU/ml

values could also be assigned to the normalised OD

thresholds. Furthermore, BAU/ml values identified on the in-

house assay platforms were found to be comparable to the

average values reported in the NIBSC inter-lab comparison

(28), with the exception of samples with high levels of

antibody, where the Spike Pan ELISA showed lower than

expected levels, probably due to saturation of signal at this

higher end of the assay signal range (Figure 4F).
3.7 Exploring the relationship between
binding antibody assay signals and
neutralizing activity

To identify any relationship between immunoassay results

and the functional activity of antibodies in sera, assays were

developed to measure virus neutralization in vitro which were

then deployed on a subset of our samples. A microneutralization

assay using SARS-CoV-2 virus was first used to measure virus

neutralization in samples from n=31 RT-PCR confirmed

COVID-19 cases and n=17 pre-pandemic samples from the

threshold set, with results expressed as half maximal dilutions

(ND50) (Figures 5A, B). The pre-pandemic samples included

some that had shown high signals in one or more of the

immunoassays (i.e. false positives), to explore whether these

false positives relate to functional cross-reactive responses. We

observed low levels of virus neutralization (ND50 <125) in only

4 of the 17 pre-pandemic samples, two of which displayed

above-threshold immunoassay signals (one in the RBD Pan

ELISA and another in the bridging assay). Amongst the

samples from confirmed COVID-19 cases, samples with

reasonable neutralizing capacity (ND50 >125) had results in

the high positive range for the Spike and RBD-specific assays

(e.g. > 0.72 normalized OD on the Spike Pan assay and >20 units

on the Spike-RBD Bridging assay), but with the N Pan assay

some strongly neutralizing samples showing normalized ODs

around/below the optimal threshold for detection for an N-

specific antibody response (Figure 5A). Agreement between the

screening assay results and Log10 ND50 for neutralizing samples

from individuals with known or unclear status (as measured

with the SARS-CoV-2 microneutralization assay) was
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determined using Kendall’s rank correlation (Figure 5B). There

was significant agreement in all cases, with the RBD Pan ELISA

showing the highest tau coefficient (0.58). These results suggest

agreement between the candidate screening assays results and

functional capacity, but more so for the Spike-RBD specific

assays that for the N Pan ELISA.

We also developed a pseudotype virus neutralization assay

using vesicular stomatitis virus (VSV) expressing SARS-CoV-2

Spike protein and VeroE6 cells expressing ACE2 and TMPRSS2

and deployed this on a larger set of samples from COVID-19

cases from across the sample sets representing a range of

antibody responses using the full suite of assays (i.e. total

antibody and isotype specific). There was good correlation
Frontiers in Immunology 14
between the neutralizing titer values reported from the two

assay platforms (Figure S5), but the pseudotype assays showed

a wider dynamic range. Amongst the neutralizing samples the

Spike IgA and IgG ELISA assays showed the strongest

correlation with half maximal neutralization titer using this

assay (Figure 5C).
3.8 Field testing of screening assays

To field test two of the best-performing screening assays for

determining changes in serological status in a population of

interest during a time of vaccination rollout, the N and Spike
A B

D

E F

C

FIGURE 4

Comparing sensitivity of screening assays to a commercial assay (Roche Elecsys nucleocapsid) and correlation/concordance of all antibody
assay results in samples within the validation set. (A) Heatmap comparing results of the 4 screening assays to the commercially available Roche
Elecsys nucleocapsid assay in a cohort n = 218 individuals with RT-PCR confirmed or suspected COVID-19 (from the validation set). Samples
are arranged in columns, split first by COVID-19 status followed by Roche Elecsys result. The results of each test assay is indicated in the
different rows going downwards. Green indicates above positive threshold, grey negative. (B) Scatterplot showing the quantitative readouts from
the top performing screening assays – Spike Pan ELISA and Spike-RBD Bridging LIPS assay with their best performing threshold indicated with
dashed lines. The colours of point indicate the clinical group as shown in the key. (C) Correlogram reporting correlation coefficients using
Kendall’s tau of all 4 screening assays in full validation set including pre-pandemic samples (n = 806). (D) Correlogram showing the relationship
between results of all 16 antibody assays in samples from COVID-19 cases (n = 222). (E) Comparison of the standard curves generated using
either our in-house pooled serum standard, or the WHO/NIBSC international standard, by running these side by side on 3 plates of the N Pan
and Spike Pan ELISAs. The curves were found to be parallel. From these plots a ratio could be calculated to allow for conversion to BAU/ml
from in house standard. (F) BAU/ml values for 4 samples provided in the WHO/NIBSC reference panel, as calculated by a collaborative inter-lab
comparison (X axis) compared to calculating using the in-house standard, on the N Pan/IgG and Spike Pan/IgG ELISAs.
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Pan ELISAs were deployed on serum samples collected

longitudinally from a cohort of n=79 hospital-based healthcare

workers over a one-year period from April 2020 – May 2021

(Figure 5D). At baseline the rate of seropositivity with N Pan and

Spike Pan was very similar at 13.92% and 16.46% respectively,

but then the rate declined for N Pan to around 7% whilst

remaining stable for Spike between weeks 10 and 30 (Figure

5E). By week 52 (end of study), we observed a divergence in the

proportion of positive cases reported by the 2 assays, with Spike

Pan showing up to 91.89% (78.70-97.20%) seropositive against

Spike whilst there was negligible change in the proportion found

to be seropositive to the nucleocapsid antigen (N) during the

same period [8.11% (95%CI 2.80-21.30%)], probably due to

responses to vaccination among the majority of the cohort and

low rates of new infections.
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4 Discussion

We optimized and evaluated a suite of in-house ELISA and

LIPS assays for detecting and measuring antibody responses to

SARS-CoV-2 by adapting available protocols (7, 14, 24). Whilst

such assays have been used widely to explore the heterogeneity

of immune responses to SARS-CoV-2 infection and vaccination

(11, 12, 29), few have simultaneously and rigorously evaluated

two different platforms with shared standards and quality

controls using the same well characterized, large sample

collections. This approach facilitated accurate threshold setting

to determine serological status. The Spike Pan ELISA and Spike-

RBD Bridging LIPS assays demonstrated superior performance

in a blinded head-to-head comparison with a widely used

commercial assay. All assays were optimized for low blood
A

B

D E

C

FIGURE 5

Relationship between binding antibody results and neutralization titers and application of screening assay to longitudinal cohort. On a subset of
the samples from the threshold and validation sets, we compared screening assay results to neutralizing antibody titers were measured using a
microneutralization assay using SARS-CoV-2 and a pseudotype viral neutralization assay using vesicular stomatitis virus (VSV) expressing Spike
(A-C). (A) A microneutralization assay was performed on 17 pre-pandemic serum samples and 31 from RT-PCR confirmed cases, and stratified
the results into 3 groups: non neutralizing (ND); ND50 of 20 or 50 (≤50); ND50 of 125 or above (≥125) and compared these groupings to the
screening assay results: N Pan ELISA; RBD Pan ELISA; Spike Pan ELISA; Spike-RBD Bridging LIPS assay (where readouts are normalised OD or
Units). (B) The relationship between results from each screening assay results and ND50 measured using the microneutralization assay in n = 59
samples displayed in scatterplots from a mixture of pre-pandemic (black), PCR-confirmed COVID-19 cases (pink) and exposed individuals or
recent COVID-19 suspects (green). with a line showing the smoothed mean determined using a generalized linear model +/- 95% confidence
intervals; and correlation performed using Kendall’s tau. (C) Correlogram showing the relationship between a novel pseudotype viral
neutralization assay (using mouse VSV expressing SARS-CoV-2 Spike and ACE-2 and TMPRSS-2) and all 16 ELISA and LIPS assays (total antibody
and isotype specific) in n = 36 samples with neutralising capacity. (D) Field testing two screening assays (N Pan and Spike Pan ELISA) on
longitudinal samples from a cohort of n = 79 healthcare workers in Bristol in 2020 and 2021. (E) Observed seroprevalence/antibody positivity to
N and Spike proteins using Pan ELISA assays in a cohort of n = 79 healthcare workers. Total samples collected at each timepoint were as
follows: week 0, n=79; week 10, n=66; week 30, n = 42; week 52, n = 37. 95% confidence intervals were calculated using the Wilson method.
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volume, low cost per sample and require relatively inexpensive

laboratory equipment, paving the way for their use in a wide

variety of settings and for a range of purposes, including

population monitoring.

Initially the total antibody and isotype specific assays were

compared for use as screening assays for recent SARS-CoV-2

infection in a subset of the threshold set. On both platforms, the

assays measuring total antibody performed better than IgG, IgA

or IgM specific assays in discriminating between samples from

COVID-19 cases and pre-pandemic donors in the threshold

sample set, and thus the four total antibody assays (N Pan, RBD

Pan and Spike Pan ELISAs, and the Spike-RBD Bridging LIPS

assay) were selected for validation as potential screening assays

using a large, blinded validation set from pre-pandemic donors

and confirmed/suspected COVID-19 cases. The superiority of

the total antibody assays as sensitive tests for recent infection has

been observed by others (30) and is unsurprising given the

varying kinetics in antibody isotype responses over time, with a

predominance of IgM and IgA isotypes in the acute stages

followed by a dominant IgG response in most individuals after

21 days post infection (12). Importantly, our COVID-19

validation set included a wide spectrum of cases, including

those with no or mild symptoms, who are likely to represent a

large proportion of unknown community cases and clinically

suspected hospitalized cases who may not have been tested for

the virus at the optimal time. All total antibody assays achieved

>97% specificity using at least one of the pre-defined thresholds.

Sensitivity estimates for detection of recent COVID-19 cases

varied but was highest for all assays when samples taken in late

convalescence (>12 weeks post symptom onset) were used. The

Spike Pan and Spike-RBD Bridging LIPS assays performed the

best overall, providing up to 95% sensitivity for COVID-19

cases. Whilst not as sensitive as the two best performing

screening assays, the N Pan and RBD Pan ELISAs provided a

high level of specificity and could detect up to 82% and 73% of

cases respectively. When sensitivities of the candidate screening

assays were compared directly to the commercial Roche Elecsys

N assay, the Spike Pan ELISA and the Spike-RBD LIPS Bridging

assays detected cases missed by the Roche assay and offered

improved sensitivity despite using a 100-fold smaller volume of

sample. Others have demonstrated that responses to the

nucleocapsid wane more quickly than to Spike/RBD and

optimal sensitivity for recent COVID-19 cases can be achieved

with Spike-based assays (31). However a serology testing

consortium (Oxford, UK) also reported a highly sensitive,

specific and scalable anti-Spike IgG in-house ELISA which

performed comparably to or better than commercial antibody

assays in terms of diagnostic accuracy (32). Therefore, in-house

assays can offer high diagnostic accuracy and are suitable for

population level surveillance.

We directly compared the ELISA and LIPS platforms by

focusing on the RBD-specific antibody assays (as the antigen was

common). On the ELISA platform, the RBD assays performed
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less well than the Spike assays. However, the detection of RBD-

specific antibodies by the novel Spike-RBD Bridging LIPS assay

was better than the RBD Pan ELISA (sensitivities of 92.4% (95%

CI 85.5-96.1) and 73.3 (95% CI 64.1-80.9), respectively, for

infections confirmed by RT-PCR >21 days previously). As has

been reported elsewhere for COVID-19 bridging antibody

assays, the Spike-RBD Bridging LIPS assay results showed an

upward trend in antibody levels over time since infection (33,

34) compared to a decline in levels observed with the

corresponding RBD ELISA assays. It is likely that the bridging

antigen format and the use of antigen competition for the IgG

and IgA assays, select for higher affinity antibodies resulting in

improved accuracy for discriminating between pre-pandemic

and COVID-19 samples (34), but potentially also reflects affinity

maturation due to somatic hypermutation in the weeks

following priming. The bridging antigen format is used in

other assays including the commercially available Roche

Elecsys S and N assays but has not previously been applied to

LIPS assays. LIPS has been found to offer improved diagnostic

performance over other immunoassays including ELISA when

deployed for detecting specific antibodies involved in identifying

cases of autoimmune or infectious diseases (35). When

measuring antibody levels in one sample dilution, the LIPS

platform also provides a broader dynamic range. In contrast to

ELISA, the isotype-specific LIPS assays should not be affected by

within-well competition from other antibody isotypes, which

may also explain the differences observed in this comparison. In

conclusion, we found LIPS assays to be highly sensitive for the

measurement of SARS-CoV-2 RBD specific antibodies, which

may offer unique information on the affinity of antibody binding

when compared to other platforms. Further investigation into

why antibody kinetics are profiled differently for the same

samples measured using assays from different platforms will

inform the optimal use of each platform for a given purpose

relating to the measurement of specific antibody (e.g. as a proxy

for a functional responses versus accurately quantifing antibody

decay rates).

ELISA and LIPS assays measure levels of binding antibody to

specific antigens, but these measurements do not necessarily

correlate accurately with antibody-mediated protection.

Neutralization assays are widely deployed to monitor

functional antibody responses to SARS-CoV-2 and nAb levels

have been shown to correlate with protection against re-

infection and/after vaccination (36). However, in this study

and others, binding antibody levels (particularly IgG/total

antibody to the RBD and/or Spike antigens) correlated

strongly with nAb levels when measured using two different

neutralization assays (37), and have been shown to correlate with

protection (4). Thus, to some extent, binding antibody assays

specific to RBD and Spike can be used as surrogates for

functional, protective antibody responses. Further work may

lead to the identification of binding antibody thresholds of our

candidate assays indicative of protection and/or sufficient levels
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of nAbs. We identified some false positive ELISA/LIPS samples

in the pre-pandemic sample sets, and 4 samples with low level

neutralizing capacity, which could reflect the presence of cross-

reactive antibodies in these samples perhaps resulting from other

CoV infections. Interestingly, there was little agreement across

the different assays in terms of which samples were identified as

positive amongst pre-pandemic samples, even among those that

were tested by neutralization -i.e. not all with neutralizing

capacity demonstrated binding to RBD/Spike. This suggests

that false positive pre-pandemic samples were not the result of

cross-reactive antibody responses. Unlike Ng et al, who reported

that antibodies from pre-pandemic samples had binding

capacity to the S2 portion of Spike (17), we did not observe

binding to Spike in the 4 pre-pandemic samples with low

neutralizing capacity.

We demonstrate the feasibility of assigning international

BAU to samples measured with our assays, and report similar

levels of antibody to other laboratories who contributed to the

development of international reference standards (28, 38),

allowing comparison of results from our assays with others.

We deployed two of the screening assays (Spike and N Pan

ELISA) on samples from a longitudinal cohort of healthcare

workers in Bristol, UK (LOGIC). These data suggest comparable

sensitivity for recent infection prior to vaccination rollout in the

UK but, as expected, an increase in anti-Spike specific responses

was observed after vaccination was introduced and the

seropositivity rate was very high (>95%) by the end of the 12

month follow up period (31st May 2021), causing a divergence in

the relative seropositive rates within the cohort. As such, using a

combination of our assays to measure antibody positivity rates in

order to estimate recent infection and/or vaccination exposures

is feasible. In countries/areas with high vaccination coverage, the

nucleocapsid specific assays are therefore increasingly of

relevance for seroprevalence studies, whilst Spike/RBD assays

(as well as neutralizing antibody assays) are less able to

differentiate vaccination-specific from infection-specific

immunity, but are probably better correlates of immunity.

However, not all vaccines are Spike-only (e.g., the Valneva

vaccine contains the whole virion), and the relative rate of

seroconversion to nucleocapsid after prior exposure to Spike

via vaccination (compared to naïve individuals) has not been

ascertained. Thus, there are important considerations to bear in

mind when using nucleocapsid assays to determine recent

infection amongst vaccinated individuals.

Strengths of this study include rigorous development of high

performance, low blood volume, cost-effective tests which can be

easily deployed in a variety of settings, but our approach also has

several limitations. Firstly, whilst samples from pre-pandemic

children were included, samples from children with COVID-19

were not available to us and as such, assay performance for

detecting recent pediatric infections cannot be reported.

However, since widespread vaccination of children is not

currently common in many countries while asymptomatic/
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mild pediatric infections are, antibody assays offer a useful tool

for monitoring infection in this age group. The antigens used in

the in-house assays were generated using the genetic sequence

from the parent Wuhan strain of SARS-CoV-2 first described in

2020 (7) from which several new variants of concern (VOC)

have evolved and have caused significant waves of infection

globally. Some of these variants, especially Omicron, include

multiple mutations in these target antigens and as such, may lead

to antibody responses with differential binding to the target

antigens. Indeed, antibodies responses raised to antigens from

one SARS-CoV-2 variant genetic sequence lead to differential

ability to neutralize VOC strains. However, whilst others have

shown reduced binding to antigens from sequences of

VOCs, rates of seropositivity when using different antigens,

and/or from people who were infected with non-Wuhan

variants, appear to be relatively unchanged (39, 40). It will be

important to monitor changes in antibody assay performance

for detecting recent infection as new variants emerge and

become dominant.

In summary, we present a blueprint for the development and

evaluation of low volume antibody assays for screening for

seropositive individuals and/or profiling of serum isotype-

specific antibody responses after SARS-CoV-2 infection and/or

vaccination. With the use of appropriate controls, these assays

offer a low cost and reliable alternative to commercial assays and

can be used with simple laboratory equipment, potentially

allowing for infection/immunity monitoring in hard-to-reach

communities (via field or at-home sampling) and in low-income

settings where other testing approaches are not feasible.

Evaluation of one or more of these assays in areas where

epidemiological information on COVID-19 is sparse, could be

of great value.
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