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A B S T R A C T   

Accurate and sensitive detection of antibody to SARS-CoV-2 remains an essential component of the pandemic 
response. Measuring antibody that predicts neutralising activity and the vaccine response is an absolute 
requirement for laboratory-based confirmatory and reference activity. 

The viral receptor binding domain (RBD) constitutes the prime target antigen for neutralising antibody. A 
double antigen binding assay (DABA), providing the most sensitive format has been exploited in a novel hybrid 
manner employing a solid-phase S1 preferentially presenting RBD, coupled with a labelled RBD conjugate, used 
in a two-step sequential assay for detection and measurement of antibody to RBD (anti-RBD). 

This class and species neutral assay showed a specificity of 100 % on 825 pre COVID-19 samples and a po
tential sensitivity of 99.6 % on 276 recovery samples, predicting quantitatively the presence of neutralising 
antibody determined by pseudo-type neutralization and by plaque reduction. Anti-RBD is also measurable in 
ferrets immunised with ChadOx1 nCoV-19 vaccine and in humans immunised with both AstraZeneca and Pfizer 
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vaccines. This assay detects anti-RBD at presentation with illness, demonstrates its elevation with disease 
severity, its sequel to asymptomatic infection and its persistence after the loss of antibody to the nucleoprotein 
(anti-NP). It also provides serological confirmation of prior infection and offers a secure measure for seropre
valence and studies of vaccine immunisation in human and animal populations. 

The hybrid DABA also displays the attributes necessary for the detection and quantification of anti-RBD to be 
used in clinical practice. An absence of detectable anti-RBD by this assay predicates the need for passive immune 
prophylaxis in at-risk patients.   

1. Background 

In the field of infectious diseases, detection of a pathogen is depen
dent upon its culture or detection of viral genome or antigens, processes 
that are the cornerstones of diagnosis. The corollary of using antibody to 
detect the host response to infection has been undervalued. However, 
early studies on SARS-CoV-2 (Zhao et al., 2020) showing the magnitude 
and the rapidity of the immune response to viral infection underscore 
the utility of serology. 

Point-of-care tests (POCTs) for serology have been rapidly taken up 
in the UK but while offering remote sampling and testing, the perfor
mance of such lateral flow antibody tests (LFAT) is variable and may not 
meet the minimum criteria demanded by the Medicines and Healthcare 
products Regulatory Agency, (MHRA) with resulting concern over their 
wider application (Flower et al., 2020). Moreover, the inevitable 
absence of quality assurance for the procedure of home testing renders 
insecure the data generated from the widespread of adoption of POCTs. 

Detection of the host response to a pathogen is impacted on by the 
nature of the antibody response, including antibody class and the range 
of available antigens. Furthermore, the format of the serological test 
employed has a profound effect, as was graphically encountered during 
the Ebola epidemic in West Africa (Tedder et al., 2018). Conventionally 
many immunoassays for the detection of antibody are based on an in
direct format whereby antibody binding to the solid phase antigen is 
revealed by a labelled antibody to human immunoglobulins. Such assays 
are simple to manufacture but can be fraught with problems of speci
ficity partly due to alteration of epitope profile expressed by the complex 
protein represented by the corona virus envelop spike when adsorbed to 
a solid matrix. Also such indirect assays do not readily allow the use of 
analytes other that serum or plasma. The use of labelled viral antigens in 
a variety of assay formats can allow the detection of antibody in both 
serum or plasma, and in non-blood/serum analytes, avoiding also the 
need for invasive sampling (Tedder et al., 2018). A labelled 
antigen-revealing agent can also provide an opportunity for quenching 
non-specific reactivity arising from cross-reacting antibody directed at 
related, but irrelevant pathogens, well exemplified in flavi-virus 
serology (Tedder et al., 2019). 

In the UK, assays based upon the nucleoprotein (NP) antigen, 
including the Abbott and the Roche platforms, detect antibody to NP 
(anti-NP) as evidence of prior infection. However, these fail to confirm 
per se the presence of antibody likely to confer immunity, albeit of un
known duration, against reinfection (Rydyznski Moderbacher et al., 
2020). For this reason, we have explored the use of external components 
of the virus in the knowledge that an antibody response to the receptor 
binding domain (RBD) is likely to be predictive of neutralising antibody. 
Furthermore, the detection and quantification of anti-RBD is essential 
for detecting and characterising vaccine responses. Anti-RBD may also 
offer protection over and above that offered by the cytotoxic 
T-lymphocyte cellular response resulting from the primary infection 
(Azkur et al., 2020) and hyperimmune preparations of anti-RBD to be 
administered to anti-RBD seronegative patients considered “at risk” are 
increasingly available. 

Three formats, not including the indirect format, were employed 
during the Ebola epidemic in West Africa (Tedder et al., 2018) for the 
detection of antibody to envelope components of the Ebola virus. We 
elected to reiterate this approach for SARS-CoV-2 using a double antigen 

binding assay (DABA) format. We describe here the construction, format 
and performance of a solid-phase sequential two incubation-step enzy
me-linked immunoassay (ELISA) for the detection and quantification of 
anti-RBD). Uniquely we have employed an S1 protein constructed to 
retain RBD antigenicity in the face of biliverdin (Lumley et al., 2020) 
which preferentially expresses RBD when bound to the solid phase. We 
have uniquely paired this with labelled RBD in a hybrid DABA. We 
compare the performance of the Abbott assay for antibody to the 
nucleoprotein (anti-NP) to that of anti-RBD detected in the hybrid assay 
for the detection of prior SARS-CoV-2 infection. We demonstrate 
anti-RBD predicts a neutralising response and allows the class-neutral 
detection of antibody in individuals with past asymptomatic infection 
and in vaccine recipients, both humans and animals. We further confirm 
an enhanced anti-RBD response in relation to symptomatology and, 
importantly, confirm the durability of the anti-RBD antibody response in 
the recovery period. 

2. Methods 

2.1. SARS-CoV-2 antigens 

The SARS-CoV-2 Hybrid DABA uses both the viral S1 and RBD an
tigens in a two-step double antigen binding format. The solid phase is 
coated with S1 antigen, while RBD conjugated with horseradish perox
idase (HRP) reveals captured antibodies. Both proteins were initially 
produced at The Francis Crick Institute, London. Subsequently, the S1 
expression vector has been engineered to produce a protein that is 
antigenically stable in the face of biliverdin (Rosa et al., 2021). Both this 
protein and RBD are now expressed by, and now are sourced directly 
from The Native Antigen Company in Oxford both as native antigens, 
and where required as horseradish peroxidase-labelled antigens. 

SARS-CoV-2 RBD conjugation was initially undertaken using the 
LYNX Rapid HRP Conjugation kit (Bio-Rad Laboratories Ltd, Watford, 
UK) according to manufacturer`s instructions. The conjugated RBD was 
diluted 1:10 in HRP Stabilising Buffer (ClinTech, Guildford, UK) and 
stored at − 20 ◦C. Prior to use it was diluted to a final and determined 
optimum concentration in conjugate diluent (ClinTech, Guildford, UK). 

2.2. Hybrid DABA immunoassay 

Solid phase 96-microwells plates (NUNC Immunomodule, U8 Max
isorp wells) were coated with 100 μl of S1 antigen at a concentration of 5 
μg/mL (MicroImmune Coating Buffer; ClinTech, Guildford, UK) over
night at 2− 8 ◦C, followed by 3 h at 35− 37 ◦C (under moist conditions) 
and 1 h at room temperature. Plates were washed once with 0.05 % 
Tween 20/PBS, blocked with MicroImmune Blocking Solution (3− 4 
hours at 37 ◦C in a moist box), aspirated, dried overnight at 37 ◦C and 
stored dry at 4 ◦C in sealed pouches with desiccant. The assay was 
carried out by adding 50 μl of sample diluent (MicroImmune Sample 
Diluent; ClinTech, Guildford, UK) to each well, followed by addition of 
50 μl of control and test sera to respective wells. Plates were incubated 
for 1 h at 37 ◦C then washed five times with wash buffer (ClinTech, 
Guildford, UK). One hundred microlitres of the RBD-HRP conjugate 
appropriately diluted in Conjugate buffer (Clintech, Guildford, UK) were 
added to the wells, incubated for 1 h at 37 ◦C, washed five times and 100 
μl of TMB substrate added (ClinTech, Guildford, UK), incubated for 30 
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min at 37 ◦C, after which the reaction was stopped and read spectro
metrically at 450− 630 nm. The cut-off was established by adding an 
arbitrary 0.1 to the average of optical density (OD) obtained for three 
negative controls assayed in each run. The signal/cut-off value (binding 
ratio, BR) for each sample was determined by dividing the sample OD by 
the cut-off OD. A sample was considered positive if BR ≥ 1. United 
Kingdom Patent Application No. 2011047.4 for “SARS-CoV-2 antibody 
detection assay” has been filed. 

2.3. Assay validation 

To evaluate assay specificity 825 stored plasma and sera pre-dating 
the SARS-CoV-2 outbreak were used. All samples were anonymised 
prior to SARS-CoV-2 serology testing (Table 1A). To evaluate assay 
sensitivity a panel of sera was obtained from 276 patients with mild or 
moderate clinical SARS-CoV-2 infection at least 14 days after symptoms 
onset (Table 1B). 

2.4. Detection of neutralising antibody 

2.4.1. Pseudotype neutralisation assay 
Twenty-eight anti-RBD-reactive samples, randomly selected, were 

tested for neutralising activity by a pseudotype neutralisation assay 
using an HIV-pseudotyped luciferase-reporter based system as previ
ously described (Rosa et al., 2021). The CoV S-pseudotyped viruses were 
produced by co-transfection of 293 T/17 cells with a HIV-1 gag-pol 
plasmid (pCMV-Δ8.91), a firefly luciferase reporter plasmid (pCSFLW) 
and a plasmid encoding pSARS-CoV2-S at a ratio of 1:1.5:1. 
Heat-inactivated sera were serially diluted and incubated with virus for 
1 h. Serum-virus mixture was transferred into wells with pre-seeded 
Caco2 cells. After 48 h, cells were lysed, luciferase activity was 
measured by Bright-Glo Luciferase Assay System (Promega) and the IC50 
neutralisation titre determined. The coefficient of correlation between 
Hybrid DABA BR and the IC50 was calculated. 

2.4.2. Plaque-reduction assay 
Forty samples selected for discordance between anti-RBD and anti- 

NP reactivity and 10 concordant samples were tested for plaque 
reducing antibody. Confluent monolayers of Vero E6 cells in 96-well 
plates were incubated with 10–20 PFU of SARS CoV-2 (hCoV-19/En
gland/02/2020, EPI_ISL_407073, kindly provided by Public Health En
gland) and two-fold serial dilution of antibodies for 3 h at 37 ◦C, 5% CO2, 
in duplicate per condition. The inoculum was then removed, and cells 
overlaid with virus growth medium containing Avicel at a final con
centration of 1.2 %. Cells were incubated at 37 ◦C in 5% CO2. At 24 h 
post-infection, cells were fixed in 4% paraformaldehyde, permeabilised 
with 0.2 % Triton-X-100/PBS and virus plaques visualised by immu
nostaining, as described previously for the neutralization of influenza 
viruses (Lin et al., 2015), but using a rabbit polyclonal anti-NSP8 anti
body and anti-rabbit-HRP conjugate and detected by action of HRP on a 
tetra methyl benzidine (TMB) based substrate. Virus plaques were 
quantified and IC50 for sera were calculated using LabView software, as 
described previously (Elliott et al., 2014). 

2.5. Hybrid DABA (anti-RBD) assay performance compared to that of the 
Abbott Architect SARS-CoV-2 IgG Assay (anti-NP) 

Samples from 2205 patients or health care professionals with clini
cally suspected or diagnosed SARS-CoV-2 infection were tested as a 
convenience sample using the manufacturer’s instructions and referred 
for confirmatory testing on the Hybrid DABA as part of an NHS service 
development initiative. A sample was considered positive in the Abbott 
assay if it has a signal/control ratio of 1.4 and above. Operators were 
blinded to sample sero-status at time of testing. The concordance be
tween tests was analysed and Kappa index calculated. 

2.6. Relationship between clinical illness, the magnitude of the antibody 
response and its durability 

The relationship with clinical illness of the anti-RBD response was 
determined in asymptomatic staff and patients whose samples were 
referred from the Wellington Hospital, enrolled in the COVIDITY study 
and compared with samples from patients with severe symptoms from 
the ISARIC4C study (Lin et al., 2015). To investigate further the longi
tudinal stability of anti-RBD 737 samples from 109 patients with 
asymptomatic infection or mild disease were collected over a period of 
up to 58 weeks following onset of symptoms or the time of diagnosis for 
asymptomatic patients. The magnitude of the antibody response was 
investigated through quantification of 345 sera from 242 patients hos
pitalised with SARS-CoV-2 infection enrolled in the ISARIC4C study. 

2.7. Quantification of antibody reactivity 

The first WHO International Standard for anti-SARS-CoV-2 immu
noglobulin (NIBSC, 20/136) was utilised to quantify antibody titres. The 
standard, ascribed 1000 Binding Antibody Units (BAU)/mL, was serially 
diluted to extinction in normal human plasma and assayed in the DABA 
in replicates. Optical densities (OD) and WHO units were plotted to give 
maxima for quantification and end point sensitivity. Sera, appropriately 
diluted in NHP, could be ascribed anti-RBD in BAU/mL against this 
curve. Four Parameter Logistic Curve equation was employed in order to 
create a sigmoid fitting curve of BAU/mL against OD values. The 
parameter values were initially attributed considering the minimum and 
maximum OD values recorded by the spectrophotometer (SpectraMax 
M2, Molecular Devices). Subsequently, for each run, the ‘Solver’ Pro
gram was used to calculate the four parameter values that give the 
lowest sum value of the square difference between OD recorded exper
imentally and OD calculated with the four parameter logistic equation. 
Sera frequently required a starting dilution of 1:100, often needing a 
further 10 or 100-fold. To obviate the need for pre-dilution in general 
use, a reduced serum input volume of 5 μL was also employed on oc
casions (Tedder et al., 2018). All dilutions and input volumes were 
factored to ascribe reactivity correctly to the original samples. 

2.8. Measurement of the serological response to vaccine immunisation 

2.8.1. Response in ferrets 
Twenty three plasma samples from ChAdOx1 nCoV-19 vaccine- 

Table 1A 
The panel of 825 pre-SARS-CoV-2 samples.  

Nature of 
sample 

Number Source Site 

Sera 94 Blood donors Scottish National Blood 
Transfusion Service 

Sera 498 Airwave (Elliott 
et al., 2014) 

Imperial College 

Plasma 100 Antenatal~ NWL Pathology Service 
Plasma 133 HTLV infected National Centre for Human 

Retrovirology 

~ CDRTB https://directory.biobankinguk.org/Profile/Biobank/GBR-1-305. 

Table 1B 
The Panel of 276 samples from patients with mild or moderate clinical SARS- 
CoV-2 infection at least 14 days after symptoms onset.  

Sample Number Source Site 

103 REACT 2 (Flower et al., 2020) Imperial College 
51 CDRTB~ Imperial College 
122 STOICS King’s College Hospital 

Infection confirmed by PCR or at least one other serological assay (SARS-CoV-2 
Abbott IgG, Wantai Total Antibody or ‘in-house’ indirect tri-spike assay). 
~ CDRTB https://directory.biobankinguk.org/Profile/Biobank/GBR-1-305. 
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immunised animals and 16 from ChAdOx1 GFP (an irrelevant antigen) 
immunised animals were available for testing from the Nuffield 
Department of Medicine, University of Oxford. Ferrets either received a 
single intramuscular dose of vaccine (2.5 × 10 (Lambe et al., 2021) vp) 
or two doses of vaccine 28 days apart (Lambe et al., 2021). Samples at 
day 28 (n = 11), day 35 (n = 6) and day 42 (n = 6) were available from 
ChAdOx1 nCoV-19 immunised animals and day 28 (n = 8), day 35 (n =
4) and day 42 (n = 4) ChAdOx1 GFP immunised animals. 

2.8.2. Response in humans 
Forty samples from 28 individuals that were previously determined 

to be sero-negative with no history of SARS-CoV-2 infection prior to 
immunisation, were assayed to determine anti-RBD reactivity. Samples 
were taken pre-immunisation and at a minimum of 14 days post second 
immunisation with either the Oxford/AstraZeneca AZD1222 or the 
Pfizer-BioNTech COVID-19 Vaccine. 

2.9. Ethics 

Airwave samples are held in the Airwave Tissue Bank (http://poli 
ce-health.org.uk/airwave-tissue-bank) and used with permission from 
the Airwave Access Committee. Other pre− COVID-19 sera from patients 
with HTLV1 infection were donated, following written informed con
sent, to the Communicable Diseases Research Tissue Bank (CDRTB) of 
the Section of Virology. The use of these tissues was approved by the 
CDRTB Steering Committee in accordance with the responsibility dele
gated by the National Research Ethics Service (South Central Ethics 
Committee – C, NRES reference 15/SC/0089). Anonymised, redundant 
sera from antenatal patients attending Imperial College Healthcare NHS 
Trust (ICHNT) were donated by NWLP. Staff and patients of ICHNT and 
the Wellington Hospital diagnosed with SARS-CoV-2 infection were also 
donated to the CDRTB (COVIDITY) following written informed consent 
(NRES 20/SC/0226). 

Identified patients hospitalised during the SARS− CoV-2 pandemic 
were recruited into the International Severe Acute Respiratory and 
Emerging Infection Consortium World Health Organization Clinical 
Characterisation Protocol UK (IRAS260007 and IRAS126600). Written 
informed consent was obtained from all patients. Ethical approval was 
given by the South Central–Oxford C Research Ethics Committee in 
England (reference: 13/SC/0149), Scotland A Research Ethics Com
mittee (reference: 20/SS/0028) and World Health Organization Ethics 
Review Committee (RPC571 and RPC572 l; 25 April 2013). The ISARIC 
WHO CCP-UK study was registered at https://www.isrctn.com/ISRCT 
N66726260 and designated an Urgent Public Health Research Study 
by NIHR. 

To provide reference confirmatory testing for serum samples 
following the introduction of anti-NP screening, the presence of anti- 
RBD was sought in agreement with the Virology service of North West 
London Pathology at Charing Cross Hospital, ICHNT as part of an agreed 
NHS Service Development bid. Data arising from this service 

development are presented here. 

3. Results 

3.1. Assay specificity and sensitivity 

All 825 archived pre− COVID-19 samples were unreactive (BR < 1) 
(Fig. 1A) indicating an assay specificity of 100 % (95 %CI = 99.6–100 
%). Three out of 276 SARS-CoV-2 patient samples were unreactive in the 
Hybrid DABA, being two with a BR of 0.9 and one with a BR of 0.7, 
giving a sensitivity of 98.91 % (95 %CI = 96.8–99.8 %) (Fig. 1B). A ROC 
analysis using the MedCalc program (n = 276 seropositives; n = 825 
seronegatives) indicated that with a BR of 0.86 the assay retained 100% 
specificity and achieved 99.6 % sensitivity. 

3.2. Pseudotype neutralisation activity 

From a convenience panel of 28 DABA variously reactive samples, all 
22 samples reactive in the DABA displayed neutralising antibodies. Six 
un-reactive samples had no detectable neutralising antibodies. The 
Hybrid DABA BR strongly correlated with SARS-CoV-2 Neutralisation 
IC50 (r = 0.81; p < 0.0001) (Fig. 2). 

3.3. Comparison between hybrid DABA and Abbott IgG anti-SARS-CoV-2 
assays 

The initial comparative analysis of 100 samples selected randomly 
from 100 individuals in the COVIDITY study showed that 23 of the 100 
samples were concordantly negative by both assays and 63 concordantly 
positive (Fig. 3). Anti-NP testing failed to detect 11 samples from 
symptomatic persons reactive in the Hybrid DABA, 10 of which came 

Fig. 1. Hybrid DABA specificity and sensitivity determination Scatter plot distribution of the Hybrid DABA BRs of A) 825 archival serum samples that pre-dated 
the SARS-CoV-2 epidemic assayed and B) 276 samples from patients infected with SARS-CoV-2. Dotted line represents the assay cut-off. Test /Cut-off binding ratios 
(BR) are displayed on A) a linear scale and B) on a log10 scale. 

Fig. 2. Hybrid DABA BRs correlate with SARS-CoV-2 pseudo-type neu
tralising antibody titres. The degree of correlation when 28 sera were assayed 
in the Hybrid DABA and the BRs compared to neutralising antibody titres, given 
as IC50 doses. 
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from PCR-confirmed infections. The hybrid DABA did not detect three 
samples that were detected by Abbott, one of the three that was tested 
had no detectable neutralising antibodies by a pseudotype neutralisation 
assay. neutralising data were not available for the other two, both had 
BRs 0.9 in the Hybrid DABA, just below the cut-off. 

Following the Abbott assay introduction in ICHNT a total of 2205 
samples, were received for further testing for the presence of anti-RBD. 
Ranking reactivity to time from the first diagnostic PCR, indicated a 
better diagnostic accuracy for the hybrid DABA (Fig. 4). 

Using the manufacturers’ criteria 511 samples did not contain 
detectable anti-NP on the Abbott assay, yet 294 (57.5 %) were reactive 
for anti-RBD (Table 2), as previously described in part (Rosadas et al., 
2020). 

Ranked by Architect binding ratios, the prevalence of detectable 
anti-RBD in the Hybrid DABA rises from 34 % with BRs 0.25 to 0.5, 
rising to 94 % in the 49 samples lying just below the manufacturer’s BR 
cut-off of 1.4. 

Increasing reactivity for anti-NP at levels below the manufacturer’s 
cut-off predicted the presence of anti-RBD in the discordant samples. A 
significant correlation between DABA BR and the Abbott anti-NP BR 
(Fig. 5) was displayed by concordantly reactive samples (Kappa Index 
0.654, 95 % CI 0.493− 0.815) but was lost when comparing Abbott 
borderline samples when only a weak correlation was observed (r =

0.3292, p < 0.0001). 
Samples unreactive for anti-NP but reactive in the DABA frequently 

harboured detectable neutralising antibodies (85.7 %, 18/21), as 
measured by plaque-reduction assay. The majority of anti-NP positive 
borderline samples not containing detectable anti-RBD had no neutral
ising antibodies (82.4 %, 14/17). There was a strong correlation be
tween anti-RBD BR and the titre of neutralising antibodies when testing 
borderline discordant samples (r = 0.7565, p < 0.0001) but no 

Fig. 3. Comparison of Hybrid DABA and Abbott Architect 
reactivity for antibody to SARS-CoV-2 in a panel of 100 
samples. The two-way Venn illustrates the outcome of 77 
seropositive samples tested in both the Abbott assay (anti-NP) 
and the Hybrid DABA (anti-RBD). *Ten of the eleven were 
PCR-confirmed, the remaining ill patient was not tested by 
PCR. **One sample submitted for neutralising antibody was 
negative in the pseudo-type assay, DABA BRs were 0.9 in the 
other two.   

Fig. 4. Comparison of Abbott Architect and Hybrid DABA reactivity for antibody to SARS-CoV-2 in diagnostic samples referred for confirmatory anti-RBD 
testing. Temporal analysis of unselected convenience samples tested initially for anti-NP prior to referral for further testing. The BRs displayed for the anti-NP Abbott 
(A) and for the anti-RBD hybrid DABA (B) with days elapsed from the first diagnostic PCR. Dashed lines represent the respective cut off BR values for each assay. Only 
samples with an Abbott BR > 0.25 were referred for anti-RBD screening. 

Table 2 
Reactivity for anti-RBD in 2205 samples previously submitted for antibody 
screening for anti-NP by Abbott Architect.  

No of Samples 
Anti-NP Architect Anti-RBD reactivity Hybrid DABA 

BR range Negative Positive (%) 

196 0.25− 0.5 129 67 (34) 
101 0.51− 0.75 41 60 (59.4) 
95 0.76 to 1.0 28 67 (70.5) 
70 1.1− 1.25 16 54 (77.1) 
49 1.26− 1.39 3 46 (94) 
906 1.4− 2.5 72 (8) 834 (92) 
787 >2.5 4 (0.5) 783 (99.5) 
Totals : 2205  294 (13.3 %) 1911 (86.7 %)  
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correlation between anti-NP BR and titres of neutralising antibodies (r=- 
0.2297; p = 0.1086) (Fig. 6). 

3.4. Durability of the anti-RBD response 

In most patients anti-RBD response could be detected in recovery. In 
a series of 737 specimens taken from 109 individuals, 68 samples from 
18 patients were unreactive. Three of these patients had an initial 
negative sample early in illness and then seroconverted. Ten patients 
had initial positive samples but with low BRs in nine patients (BR 4.9 to 
1.0) and then sero-reverted to become sero-negative (32 samples). One 
of the ten patients became sero-unreactive for anti-RBD as early as four 
weeks after onset of illness. This was a symptomatic patient (fever, 
cough, myalgia, headache and anosmia) with confirmed SARS-CoV-2 
infection by RT-PCR. In the first sample (nine days after symptoms 
onset) the BR was 3.3 becoming borderline within one week and nega
tive in subsequent follow-up samples. 

In an overall time course, at three months five of the ten patients had 
lost detectable anti-RBD, a further two at four months and the remaining 
three at five months or more of follow up. Five patients were persistently 
sero-negative (33 samples) but had a positive-PCR result listed, two of 
these 33 unreactive samples displayed borderline binding ratios of be
tween 0.8 and 0.9. Overall antibody reactivity persisted in recovery in 
94 of 109 patients (86.2 %) (Fig. 7A). Only ten previously sero-reactive 

patients individuals lost detectable anti-RBD during follow-up (Fig. 7B). 
What is particularly noticeable is the strong antibody response to a 
single vaccine immunisation. 

3.5. The first WHO international standard 

Serial dilution to extinction in normal human plasma of the first 
WHO International Standard for anti-SARS-CoV-2 immunoglobulin 
determined the sensitivity cut off of the Imperial Hybrid DABA to be 3 
BAU/mL (Fig. 8, arrowed). The maximum threshold of the assay was 
determined to be 100 BAU/mL. Quantification of titres in excess of this 
required prior dilution in normal human plasma. 

3.6. Relationship of anti-RBD level to disease status 

The anti-RBD BR was investigated in PCR-confirmed patients and 
hospital staff who had no symptoms (n = 10) and patients who were 
Covid-19 symptomatic at the time of their infection (n = 10). Conva
lescent patients admitted with Covid 19 (n = 40) from the ISARIC study 
provided the source for a third group. All samples were reactive and 
quantified in the DABA. The anti-RBD level was lowest in the asymp
tomatic patients (mean 33.2 BAU/mL), mildly elevated in the symp
tomatic patients (mean 39.8 BAU/mL) and significantly elevated in the 
patients hospitalised with Covid 19 (mean 1014.0 BAU/mL) (Fig. 9). 

3.7. Quantitative antibody response in patients presenting with illness 
requiring hospitalisation 

From the ISARIC4C study, 345 sera from 242 patients were available 
for anti-RBD quantification. Pre-dilution of the initial sample was 
needed for 68 % of samples which had BRs above 22 and all were 
ascribed an anti-RBD level in BAU/mL (Table 3). The mean level of anti- 
RBD varied in time, taking the day of recruitment as a series of conve
nience day 1 samples, and days 3 and 9 after recruitment as in
termediates and convalescent. The most elevated titres were seen early 
in the admission, peaking at day 3 (mean 34,925 BAU/mL) falling at the 
nine-day sampling (mean 11,536 BAU/mL) and a further ten-fold by the 
day of convalescence sampling (mean 1042 BAU/mL). 

3.8. Vaccine response in ferrets 

Anti-RBD was detected in all ChadOx1 nCoV-19 immunised ferrets, 
but no reactivity was generated by ChadOx1 GFP immunisation 
(Table 4). At day 28, the mean reactivity was 53.1 BAU/mL and rose 
significantly on re-immunization to a mean of 261.1 BAU/mL at 35 days. 

3.9. Vaccine responses in humans 

In order to determine the utility of the hybrid DABA for detecting and 
measuring the vaccine responses in persons fully immunised samples 
were analysed from 28 persons who consented to giving samples for 
analysis. Where pre-immunisation samples were available the data are 
shown (Fig. 12). The vaccine response and the levels of anti-RBD 
generated are essentially above the limit of quantification when dis
played as BRs (Fig. 10A). However, the vaccine response can also be 
ascribed international unitage (BAU/mL; Fig. 10B). All participants 
displayed a strong antibody response post vaccine, (mean: 5047 BAU/ 
mL) although large range of responses was observed (66–36155 BAU/ 
mL). 

3.10. Discussion 

The development and validation of accurate immunological assays 
are of the utmost importance both in gathering precise epidemiological 
data of the distribution of SARS-CoV-2 infections within a population 
and providing diagnostic support. 

Fig. 5. BR Correlation between Hybrid DABA and Abbott SARS-CoV-2 IgG. 
Correlation displays BRs expressed in Log10 values. Horizontal dashed line ids 
the BR for the hybrid DABA of 1.0. Vertical dasshed lines show the mininum 
Architect BR of 0.25 below which samples were not reffered for analysis, the 
manufacturers’ cutoff 1.4 and the upper range of 2.5. The correlation for the 
samples with strong eactivity ((Hybrid BR > 10 and Arcitect >2.5) is 
clearly seen. 

Fig. 6. Abbott and Hybrid BRs and their correlation with neutralising 
antibody titres. Abbott assay borderline samples, their discordance when 
assayed in the Hybrid DABA and the correlation of the Hybrid results with 
neutralising antibody responses, determined by plaque-reduction assay. Dotted 
lines represent the cut off values (red DABA; blue Abbott). 
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Many assays currently available (Deeks et al., 2020) for the detection 
of antibodies to SARS-CoV-2 have reported a very good performance, 
not necessarily confirmed by later studies. This is particularly so with 
anti-NP assays (Chew et al., 2020; Public Health England, 2020) on the 
Architect platform, in part because many of these assays were validated 
using samples obtained from hospital in-patients close in time to re
covery. We present further evidence that patients with severe clinical 
presentation have higher antibody production than asymptomatic pa
tients and those with mild disease (Chen et al., 2020; Okba et al., 2020; 
Hu et al., 2020) highlighting the importance of sensitive tests for 

large-scale population studies required to identify the common asymp
tomatic infections. Assays of low sensitivity risk underestimating the 
prevalence of SARS-CoV-2 infection, although corrections can be made 
for test performance (Diggle, 2011). More importantly, false reactivity 
may lead to dis-inhibition whereby individuals wrongly consider 
themselves refractory to reinfection and alter their behaviour. 

Usually, in a DABA format the same proteins are used in the solid 
phase and as a detector in the fluid phase. However, in the Imperial 
Hybrid DABA, S1 comprises the solid phase and RBD conjugated to HRP 
is the revealing agent. This new and unique format of two different 

Fig. 7. Persistence of the anti-RBD antibody response. A) Solid symbols represent those negative results from patients that that later seroconverted. BR displayed 
on log2 scale. Duration of follow-up shown in weeks. Dotted line is cut-off. A total of 737 samples are shown from 109 patients, 68 samples from 18 patients were 
unreactive. Three patients seroconvert during follow up. Ten sero-positive patients sero-revert to become sero-negative (32 samples). Five patients are persistently 
sero-negative (33 samples) but have a positive-PCR result listed, 2 of their samples displayed borderline binding ratios of between 0.8 and 0.9. B) Evolution of anti- 
RBD total antibody assayed over time in a minority of ten patients who sero-reverted during follow-up. Coloured symbols represent individual patients. Three 
patients received a single dose of Pfizer vaccine prior to their two final samples. 
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proteins acting in synergy contributes to the high specificity observed, 
since the only shared antigenicity in both preparations are the RBD 
epitopes. Importantly the assay, being species neutral, was able to detect 
and quantify the vaccine response in ferrets, predicting as we found that 
it is also able to detect and quantify anti-RBD in human vaccine re
cipients and may offer the possibility of more widespread zoonotic 
studies of animal seropositivity. The DABA format is preferentially 
sensitive to IgM due to the pentavalent nature of this antibody molecule. 
The apparent reduction of reactivity seen at day 42 in the ChadOx1 
nCoV-19 immunised animals may reflect a shift to IgG maturation rather 

than a reduction of antibody per se. This may also explain the apparent 
short-term loss of vaccine response in humans. 

A range of available assays have SARS-CoV-2 NP as a target. NP is 
more conserved between coronaviruses, potentially leading to problems 
with specificity (Yamaoka et al., 2020). Although the detection of 
anti-NP indicates prior infection and infers resistance to re infection, 
anti-RBD by definition will be neutralising and we observed a strong 
correlation between the Hybrid DABA BR and in vitro SARS-CoV-2 
neutralisation IC50. The potential of the hybrid DABA in the identifica
tion of neutralising antibodies is important as vaccines are being rolled 
out and provides important antibody information to the individual, 
irrespective of whether naturally or vaccine acquired. 

A rapid decline in antibody levels in the recovery phase (Ibarrondo 
et al., 2020; Bruni et al., 2020; Bölke et al., 2020; Wang et al., 2020; Yin 
et al., 2020) makes it difficult to predict the potential protection they 
may confer against re-infection; this may again be explained in part by 
IgG maturation. Our data suggest that specific anti-RBD remains stable 
(Fig. 7) and this may be for longer than other markers in short-term 
follow up. The high prevalence of samples strongly reactive for 
anti-RBD (Bölke et al., 2020) which are at or below the 1.4 BR cut off in 
the Abbott assay indicates a likely loss of detectable anti-NP in the 
Abbott assay following recovery though this does not exclude a de novo 
failure to generate anti-NP detectable in the Architect platform. Overall 
anti-NP was not detected in 511 of samples tested for both anti-NP and 
anti-RBD of which 294 (57.5 %) contained detectable anti-RBD. The 
rapid decay of antibody to SARS-CoV-2 is increasingly recognised for 
anti-NP detection on the Architect platform (Ibarrondo et al., 2020; 
Wang et al., 2020; Seow et al., 2020). 

Although the long-term duration of the antibody response remains 
uncertain at this point, it is worth noting that a recent study by Lumley 
et al. (Lumley et al., 2020), demonstrates that antibody responses to 
CoVID in most people offered protection to reinfection for the ensuing 
six months. It may be that the DABA format is preferred for the detection 
of long standing seropositivity. In our experience the majority of persons 
recovering from SARS CoV-2 infection will have seroconverted by the 
time of recovery though a minority of five out a total of 109 remained 
seronegative throughout, in spite of a positive PCR result, and a small 
number of seropositive persons lose antibody on follow up. The reason 
for this is not known, however the briskness and magnitude of the 
response on vaccine challenge (Fig. 7B) is notable. The use of anti-RBD 
to measure vaccine response is advantageous as shown here with the 
hybrid DABA (Fig. 10). Using this format, the advantage of both high 
sensitivity and high specificity is considerable, identifying and quanti
fying a neutralising antibody response to immunisation with both cur
rent UK vaccines. The objective measurement of anti-RBD in the 
immunised person is of considerable utility at a time when the societal 
serological response to immunisation in humans is uncertain. The 
additional advantage of a species neutral assay of high sensitivity will 
also assist the research for zoonotic hosts of SARS CoV 2. 

In the convenience samples from the ISARIC4C study the magnitude 
of the early response, probably in part due to the sensitivity of the class- 
neutral DABA to IgM was remarkable. This aggressive antibody 
response, though short-lived is certainly not trivial and the significance 
of this and its relatively swift effluxion remain obscure at this time. 

Here we have validated an immunoassay that uses a new approach 
for the detection of total antibody of any class and species to SARS-CoV- 
2 which in effect measures anti-RBD with apparent absolute (100 %) 
specificity and exceptional (98.91 %) sensitivity. As seen in the ROC 
analysis the initial conservative generation of the cut-off may be reduced 
in future, using the mutant antigen, to give 99.6 % sensitivity whilst 
retaining exceptional specificity. The class neutral assay identified 
infection in the panel of 10 early convalescent asymptomatic infected 
individuals tested (Fig. 9) and has the additional attribute of species 
neutrality as demonstrated by the study of ferret samples, opening-up 
the potential for epi-zoological studies. Although this assay may be 
used in seroprevalence studies and as a confirmatory assay in 

Fig. 8. Titration of First WHO International Standard. Dotted line indicates 
the assay cut off, the arrow marks the sensitivity cut-off, 3 BAU/mL. 

Fig. 9. Anti-RBD reactivity in three groups of samples defined by patient 
symptomatology. The distribution of anti-RBD quantified by Hybrid DABA 
expressed in BAU/mL for three groups of patients with confirmed infections, 
asymptomatic, mild symptoms and those requiring hospitalisation. Average 
time post symptom onset (post diagnosis for asymptomatic) was 23, 36 and 28 
days + respectively. **** p < 0.0001. 
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combination with other serological tests including the under-performing 
Abbott SARS-CoV-2 anti-NP IgG assay its principal role at this time is to 
identify and measure the human response to immunisation with a range 
of vaccines and confer security by the detection of the generation of an 
antibody response in the immunised person indicating the generation of 
a virus neutralising response to the vaccine. 
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curve. $ ChAdOx1nCoV-1~ ChAdOx1 GFP. 

Fig. 10. Pre and post vaccine response in humans Serological anti-RBD response to immunisation in BR (A) and WHO BAU/mL (B). Closed circles represent 
individuals that received Pfizer, and open circles those that received AstraZeneca. Dotted lines represent the quantitative limits of the assay. All post immunisation 
samples were taken at 14 days or longer following the second vaccine dose. P = 0.00049 (Wilcoxon matched pairs test). 
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