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Background Measuring anti-spike protein antibodies in human plasma or serum is commonly used to determine
prior exposure to SARS-CoV-2 infection and to assess the anti-viral protection capacity. According to the mass-action
law, a lesser concentration of tightly binding antibody can produce the same quantity of antibody-antigen complexes
as higher concentrations of lower affinity antibody. Thus, measurements of antibody levels reflect both affinity and
concentration. These two fundamental parameters cannot be disentangled in clinical immunoassays, and so pro-
duce a bias which depends on the assay format.

Methods To determine the apparent affinity of anti-spike protein antibodies, a small number of antigen-coated mag-
netic microparticles were imaged by fluorescence microscopy after probing antigen-antibody equilibria directly in
patient plasma. Direct and indirect anti-SARS-CoV-2 immunoassays were used to measure antibody levels in the
blood of infected and immunised individuals.

Findings We observed affinity maturation of antibodies in convalescent and vaccinated individuals, showing that
higher affinities are achieved much faster by vaccination. We demonstrate that direct and indirect immunoassays
for measuring anti-spike protein antibodies depend differently on antibody affinity which, in turn, affects accurate
interpretation of the results.

Interpretation Direct immunoassays show substantial antibody affinity dependence. This makes them useful for identify-
ing past SARS-CoV-2 exposure. Indirect immunoassays provide more accurate quantifications of anti-viral antibody levels.

Funding The authors are all full-time employees of Abbott Laboratories. Abbott Laboratories provided all operating
funds. No external funding sources were used in this study.
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Introduction
Antibody affinity and concentration are fundamental
characteristics of adaptive immunity against infections.
The SARS-CoV-2 pandemic has underscored the need
for quick and practical methods for assessing these
parameters in COVID-19 patients and vaccinated indi-
viduals. In particular, the ability to quickly screen a large
number of patient samples is critical, especially for pop-
ulation surveillance,1 which per force must come second
to clinical needs in emergency conditions. Initially,
SARS-CoV-2 qualitative antibody assays came into their
own as an emergency means for determining
seroprevalence.2,3 Lately, the need has been increasingly
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shifting toward quantitative antibody measurements to
monitor vaccine-acquired immune protection.4�6 These
quantitative tests, being developed under less urgent
conditions, must be scrutinised for their ability to accu-
rately assess the level of immune protection for tested
individuals.

Immunometric (or sandwich) immunoassays have
proven to be preeminent for measuring concentrations
of diagnostically important macromolecules.7 In these
assays, the analyte is sandwiched between the capture
reagent (to concentrate the target) and the detection
reagent (to generate a signal). Sandwich formation is
driven by the affinity and concentration of the interacting
1

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ebiom.2021.103796&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:sergey.tetin@abbott.com
https://doi.org/10.1016/j.ebiom.2021.103796
https://doi.org/10.1016/j.ebiom.2021.103796


Research in context

Evidence before this study

Affinity values of anti-SARS-CoV-2 antibody in blood
plasma/serum of convalescent patients and vaccinated
individuals had not been previously measured. The
effect of antibody affinity on the results of diagnostic
quantitative SARS-CoV-2 antibody assays was unknown.
Affinity maturation patterns in people exposed to the
infection had not been documented.

Added value of this study

We present a straightforward method for affinity deter-
mination directly in patient plasma/serum samples and
use it to characterise the humoral response of SARS-
CoV-2 infected patients and vaccinated individuals. We
also demonstrate how the affinity affects the results of
quantitative diagnostic antibody assays.

Implications of all the available evidence

Antibody affinity affects the results of diagnostic immu-
noassays for measuring levels of anti-SARS-CoV-2 anti-
body. As affinity changes with time, interpreting assay
results may depend on how long after activation of the
immune response the test was performed. Indirect
sandwich immunoassays are better suited for quantify-
ing anti-viral antibody levels.
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molecules. For instance, a few antibodies that bind
extremely well can create as many immune complexes as
a higher concentration of poorly binding antibodies.
Therefore, quantifications of anti�SARS-CoV-2 antibody
depend on both these parameters. The measured value
reflects a convolution of patient antibody concentration
and affinity, which both vary widely with time and the
strength of the immune response.8�10

Furthermore, the assay design also plays a role.
There are two common immunometric assay formats
utilised for SARS-CoV-2 antibody detection on auto-
mated diagnostic platforms. Indirect assays capture anti-
spike antibodies from patient plasma/serum on micro-
particles coated with recombinant spike protein and
detect them with labelled anti-human IgG or IgM sec-
ondary antibody (e.g., mouse anti-human). Direct
immunoassays also capture patient antibodies with
spike protein-coated microparticles but utilise a differ-
ent detection approach. Instead of secondary antibody,
the same recombinant spike protein, labelled with a sig-
nal generating group, is employed. In this format, the
sample, microparticles, and labelled conjugate are all
combined simultaneously, which allows the conjugate
to fill antibody binding sites that remain free from inter-
acting with microparticles. Clearly, both immunoassay
formats rely on the patient antibody’s ability to bind
antigen. Measurements of antibody concentration are
inextricably linked to their affinity.
When interpreting measured antibody levels, it is
important to understand the degree to which affinity
biases the reported values. To address this challenge, we
developed a research method to quickly estimate anti-
body affinity directly in patient samples and used these
data for evaluating the affinity dependence of diagnostic
immunoassays. As is well-known from literature (see
examples11,12), decoupling affinity and concentration
requires a multi-point titration experiment. In each
individual measurement, the signal is indeed a convolu-
tion of affinity and concentration. However, by control-
ling the reagent concentrations at each titration point
(antigen is varied, antibody held fixed, or vice versa) and
globally fitting the data to a binding model, it is possible
to extract the apparent affinity value independently
from the concentration. To avoid stoichiometric binding
and other artifacts, it is important to keep the antibody
concentration at or below the expected dissociation con-
stant (Supplementary Figure 1).

While the design of these titration experiments is
constrained by the laws of chemistry, the choice of
detection strategy is more flexible. There are a host of
biophysical methods commonly used to perform affinity
studies with purified reagents.13�19 However, measur-
ing antibody affinity directly in blood plasma and other
complex media presents a challenge. Here, we intro-
duce a new approach to probe binding equilibria with
minimal perturbation. We show that the affinity of
unpurified antibody can be reliably estimated by per-
forming solution-phase binding, probing the reactions
with microparticles, and detecting the complexes by
imaging.20 The technique offers high sensitivity, simple
protocols, and minimal reagent consumption. We vali-
date this method over an affinity range of 0¢05�50 nM
using previously well-characterised monoclonal
antibodies.21,22 We present this approach as a tool to
measure the apparent affinity of patient antibody
directly in blood plasma or serum without the need for
purification or additional labelling steps.20

First, we applied the technique to monitoring antibody
maturation in SARS-CoV-2 seroconversion samples and
found that high antibody affinities can be reached much
faster by vaccination than by overcoming infection. Then,
the method was used to determine antibody affinities in a
patient panel. By correlating these data with the results of
the indirect and direct antibody assays run on the same
panel, we found that the indirect immunoassay format is
less dependant on antibody affinity and is thus better
suited for measuring antibody concentrations.
Methods

Fluorescence imaging
Fluorescently labelled magnetic microparticles were
placed in an optical-bottom 96-well plates (Nunc,
Thermo Fisher Scientific, Waltham, MA), and placed
www.thelancet.com Vol xx Month xx, 2021
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on a 96-well neodymium magnet array for 3 s to pull
microparticles down to the glass surface. An IX83
inverted microscope (Olympus, Tokyo, Japan), equipped
with ZeroDrift IX3-ZDC2 continuous focus, was used to
measure samples with bright-field illumination from a
pE-100 LED (CoolLED, Andover, UK) and epifluores-
cence excitation light produced by an X-Cite LED illumi-
nation system (Excelitas, Wheeling, IL) passing through
a Cy3 Olympus dichroic filter cube set (Edmond Optics,
Barrington, NJ). Images were acquired through a 20x
air objective (UPlanXApo, NA=0¢80, Olympus) and
recorded on a scientific CMOS PCO.panda camera
(PCO, Kelheim, Germany). MetaMorph software
(Molecular Devices, San Jose, CA) coordinated imaging
measurements, directing a ProScan III xy-stage (Prior
Scientific Instruments, Cambridge, UK) to acquire one
bright-field image (100 ms, 1¢3% LED power) and one
(or two) fluorescence image(s) (10 and 100 ms, 25%
LED power) at 9 positions within each 96-well. Images
were analysed as described previously.20
SARS-CoV-2 patient samples
Seroconversion patient samples were purchased from
New York Biologics, Inc. (Southampton, NY), in which
patients having a positive PCR SARS-CoV-2 test had
blood drawn every few days for » 2�6 weeks under
IRB approved protocols. Moderna vaccinated patient
samples were purchased from Access Biologicals, LLC
(Vista, CA), in which blood was drawn just prior to the
first dose of vaccine, »3�4 weeks after dose 1, and
»2�3 weeks after dose 2. The convalescent patient
plasma samples were purchased from New York Blood
centre (New York, NY). The samples were collected
under IRB approved protocols.
Apparent affinity titration experiments
Patient samples were diluted in Architect wash buffer
(phosphate buffer containing detergent, Abbott Labora-
tories, Abbott Park, IL) to achieve a maximum fluores-
cence intensity signal of »2000 counts per particle
(CPP), an antibody concentration estimated to be
approximately 60 pM and well below the characteristic
antibody affinity range. The diluted patient antibody
was aliquoted into 23 wells of two 96-well plates. The
CHO-cell expressed recombinant receptor binding
domain (RBD) of the S1 subunit of spike protein was
generated in-house (Abbott Laboratories, Abbott Park,
IL) and titrated into these aliquots in two-fold dilutions
from 10 µM down to 5 pM. The 23rd aliquot, left free of
RBD, was the zero-titration point, and a final well, con-
taining pooled negative human plasma, served as a
background control. Each of these samples was incu-
bated at 37 °C for 30 min to equilibrate the antibody-
RBD binding reaction. Magnetic microparticles
(4¢7 µm) were coated with the same recombinant RBD
protein (coating conditions: 50 µg/mL, 1% solids) using
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standard carbodiimide (EDAC) coupling. Then, 2 µL of
RBD-coated magnetic microparticles (0¢1% solids) were
incubated for 5 min to probe these equilibria by captur-
ing unbound patient antibody. Following this short
probe step, the microparticles were washed and reacted
for 10 min with Cy3-labelled donkey anti-human-IgG
antibody (Jackson Immunoresearch, West Grove, PA)
to detect the captured patient antibody, and then
washed 3 more times in wash buffer. All assay steps
were carried out on a KingFisher magnetic microparti-
cle plate processor (Thermo Fisher Scientific), main-
tained at 37 °C, and then the microparticles were
imaged as described in our high-definition immunoas-
say (HDIA) approach20 on the fluorescence microscope.
The resulting binding data (fluorescence signal vs. anti-
gen concentration) were fit to a standard four-parameter
logistic model.

We want to underscore that the potentially multiva-
lent nature of the RBD antigen and the polyclonal anti-
body response considerably complicate affinity
determinations. The system does not follow the “one
antibody binding site per one antigen molecule”
requirements and therefore violates the simple bi-
molecular binding model. As a protein of considerable
size, RBD likely contains several antigenic epitopes.
When interacting with polyclonal antibodies, it may
form multi-molecular immune complexes with vari-
able stoichiometry. As a result, we had to apply a heu-
ristic, four parameter logistic model to fit the binding
data.
SARS-CoV-2 antibody diagnostic immunoassay data
Aliquots from all patient samples presented in this work
underwent SARS-CoV-2 diagnostic testing on an Archi-
tect instrument (Abbott). The SARS-CoV-2 IgM, and
the indirect format SARS-CoV-2 IgG II Quant Architect
assays were performed using commercially available
assay kits, according to the package instructions (link to
the package insert: https://www.corelaboratory.abbott/
us/en/offerings/segments/infectious-disease). The
direct format SARS-CoV-2 Total Ig (S) research assay
was developed in-house (Abbott) to detect antibodies
against RBD of the S1 subunit of the spike protein of
SARS-CoV-2 virus in patient plasma. In this one-step
assay, patient sample (35 µL), SARS-CoV-2 spike pro-
tein-coated magnetic microparticles (50 µL, 0¢075% sol-
ids) and acridinium-labelled spike protein conjugate
(50 µL, 80 ng/mL) were combined, incubated, washed,
and measured on an Abbott Architect analyser.
Ethics
Patient plasma/serum samples used for this study were
purchased from New York Biologics (Southampton,
NY), Access Biologicals, LLC (Vista, CA) and New York
Blood centre (New York, NY). The samples purchased
from Access Biologicals LLC were collected under an
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Figure 1. SRSD protocol for determining apparent affinity of antibodies in patient samples. SARS-CoV-2 spike RBD antigen is titrated
into aliquots of diluted patient serum/plasma and incubated to equilibrate antibody-antigen binding. These equilibria are probed
with RBD-coated microparticles to sample the unbound patient antibody that remains in solution (using sparse microparticles and a
short incubation time to minimise perturbation of the equilibrium). Subsequently, the microparticle-collected antibody is quantified
with Cy3-labelled anti-human-IgG conjugate and fluorescence imaging. Finally, we calculate the fraction of RBD-bound antibody
that remains in solution and plot it as a function of total RBD concentration.
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IRB protocol approved by Ballad Health System IRB.
The samples purchased from New York Biologics were
collected under an IRB approved by Ethical and Inde-
pendent Review Services (E&I IRB #2-IRB00007807).
The patient plasma samples purchased from New York
Blood centre (New York, NY), were collected from vol-
unteer blood donors who consented to the use of their
samples for research purposes at the time of collec-
tion.
Statistics
Fluorescence signals and apparent affinity values are
reported as the mean § SD=mean: Fluorescence signal
uncertainties were obtained from multiple images per
sample (n = 9), as described above. We used Pearson's
correlation analysis to determine the relationship
between the direct/indirect assay ratio and the affinity
of antibody in patient samples drawn less than 20 days
after the onset of SARS-CoV-2 infection and in samples
drawn more than 20 days after onset.
Role of the funders
The authors are all full-time employees of Abbott Labo-
ratories. Abbott Laboratories provided all operating
funds. No one other than the authors had any role in
study design, data interpretation or reporting.
Results

Solution-phase reaction solid-phase detection (SRSD)
Blood plasma, or serum, is the natural environment for
antibody-antigen interactions. However, characterizing
antibody affinity directly in blood plasma presents
a serious challenge. Many other plasma constituents
(e.g., albumin, lipids, bilirubin) are present at much
higher concentrations than immunoglobulins. This cre-
ates a significant background which complicates detec-
tion of specific antibodies. Purification is the typical
solution, however, purifying polyclonal antibodies from
patient samples is always prone to substantial losses
and may systematically perturb the distribution of anti-
body subpopulations. Additionally, when working with
small-volume patient samples, antibody purification is
not an option.

Here, we present a method, termed solution-phase
reaction solid-phase detection (SRSD), to overcome
these obstacles. Figure 1 outlines the SRSD methodol-
ogy. After achieving equilibrium during the initial, solu-
tion-phase binding, SRSD employs antigen-coated
magnetic microparticles to quantify unbound patient
antibody. Unlike kinetic exclusion assays,23 we employ
an extremely small number of microparticles to mini-
mise perturbation of the equilibrium. Briefly, the micro-
particles are coated with a large amount of spike protein
antigen and so have very high binding capacities (Sup-
plementary Figure 2). Each microparticle acts
www.thelancet.com Vol xx Month xx, 2021



Figure 2. Representative antibody-RBD binding titration curve
(single blood draw). Using the protocol described in Figure 1
and the maximum intensity from the zero RBD concentration
control, we calculate the fraction of unbound patient antibody,
blocked from binding to the microparticles due to antibody-
RBD complex formation. Plotting the percent inhibition as a
function of added RBD protein generates a binding curve. A
heuristic, standard four-parameter logistic fit is used to obtain
the 50%-inhibition concentration, the inverse of which is a mea-
sure of the apparent affinity of this patient’s anti-spike anti-
body, 0¢91 £ 109 M�1. error bars: §SD=mean.
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independently to capture and hold all the free antibody
which it encounters. The minimal sampling approach
results in a relatively small amount of captured patient
antibody on the microparticle surface. Therefore, follow-
ing a second incubation with fluorescently labelled, anti-
human-IgG conjugate, we employ highly sensitive
imaging-based detection.20 By measuring a series of
patient sample aliquots with antigen concentrations
ranging from micromolar to picomolar, as well as zero
antigen concentration control, a binding curve can be
obtained and fit to determine the apparent affinity.

As mentioned in the introduction, for accurate meas-
urements it is important to keep the patient sample
antibody concentration at or below the expected dissoci-
ation constant of the binding reaction. This can be
achieved by diluting the patient sample (antibody) as
much as possible while still maintaining a measurable
signal, and then confirming the necessary conditions
(no dependence on antibody concentration) by showing
identical titration curves at different patient antibody
dilutions (Supplementary Figure 1). Additionally, the
fluorescence intensity signals in the titration experi-
ments are proportional to the patient antibody concen-
tration. While we cannot assign an antibody
concentration value based on these experiments, we can
establish a valid signal range, and thus ensure that all
subsequent patient samples are diluted into the correct
experimental regime.

All antibody-antigen interactions follow universal
principles and the laws of physical chemistry. Thus, the
best way to evaluate a new method for measuring affin-
ity is to compare it with an established technique using
a well characterised antibody-antigen system. Measur-
ing binding parameters in solution is standard biophysi-
cal practice as it avoids the inhomogeneous binding and
surface effect artifacts often observed in ELISA and SPR
measurements.24�26 Therefore, the widely accepted,
solution-phase spectroscopic approach12 along with pre-
viously characterised monoclonal antibodies21,22 were
used to validate the SRSD method. Validation experi-
ments were designed to cover a broad range of dissocia-
tion constants (0¢05�50 nM) and yielded nearly
identical results from both techniques (Supplementary
Figure 3).
Measuring anti-SARS-CoV-2 antibody affinities in
patient samples
Given the impact of the SARS-CoV-2 pandemic and the
ongoing interest in understanding the level of immu-
nity conveyed by having recovered from a SARS-CoV-2
infection, and/or from receiving doses of vaccine, we
employed SRSD to probe the affinity of patient antibody
against the receptor binding domain (RBD) of the spike
protein. The SARS-CoV-2 virus gains entry to humans
cells via the spike protein’s interaction with cell surface
ACE2 receptors,27,28 and thus spike protein is the
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primary target in current vaccines.29,30 The time course
for affinity maturation of anti-RBD antibodies provides
information about the humoral immune response of
convalescent patients and vaccinated individuals. More-
over, as we will demonstrate later, affinity data can be
used to clarify the apparently contrasting results from
different formats of SARS-CoV-2 antibody diagnostics
assays.

SRSD is simple and straightforward. Figure 2 shows
the SRSD results from measuring equilibrated solu-
tions of RBD titrated into patient plasma. SRSD linear-
ity and validation experiments supporting these results
can be found in the Supplementary Information (Sup-
plementary Figs. 2 and 3). Recombinant RBD protein
was titrated into twenty-three aliquots of a SARS-CoV-2
patient sample, and each reaction was incubated for
30 min at 37 °C to achieve equilibrium. Next, 2 µL of
magnetic microparticles (0¢1% solids) coated with the
same recombinant RBD were added and incubated for
5 min to probe these equilibria by capturing unbound
patient antibody. We optimised the number of micro-
particles and incubation time to limit perturbation
effects to a few percent, thereby falling into the mea-
surement error (Supplementary Figure 4). Following
this short probe step, the microparticles were reacted
with Cy3-labelled anti-human antibody, washed, and
imaged. Taking the zero RBD control sample to estab-
lish the fully unbound—or maximum— patient anti-
body signal, one can plot the percent of signal inhibited
(by formation of antibody-RBD complex) as a function
5



Figure 3. Anti-SARS-CoV-2 antibody affinities in convalescent and vaccinated patient plasma/serum. (a) Binding curves measured using
a SARS-CoV-2 seroconversion panel from a single patient, consisting of blood samples drawn at intervals following a positive PCR
test. The shift of the curves to the left indicates that as time progresses, there is a pronounced decrease in apparent anti-SARS-CoV-
2 antibody dissociation constants (i.e., strong increase in affinities). (b) The table shows data from additional seroconversion patient
samples supporting this observed trend (36 samples, 7 patients). (c) Apparent affinity data consolidated from both seroconversion
panels and standalone blood draw samples (squares, 63 samples, 21 patients) are plotted as a function of time. The plot demon-
strates that anti-SARS-CoV-2 antibody maturation is observed over several months following infection onset. (d) Similar apparent
affinity data from blood draws following the first and second doses of Moderna vaccine (triangles, 18 samples, 8 patients) reveal
that high anti-SARS-CoV-2 affinities were reached in a much shorter time. Two patients who appear to have experienced a SARS-
CoV-2 infection prior to vaccination (red triangles) demonstrated the highest affinities. The Pearson’s correlation coefficient is 0.575
(t-test p-Value = <0.0001, 95% CI: [0.381, 0.720]) for the infected patients, and 0.761(t-test p-Value<0.001, 95% CI: [0.408, 0.916]) for
the vaccinated individuals (not including red triangles).
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of total RBD concentration. The result can be fit with a
standard logistic function to determine the 50% binding
point, which in this case suggests the patient has an
apparent affinity constant of 0¢91 £ 109 M�1 (SD/
mean: § 13%, n = 9).

We next applied SRSD to SARS-CoV-2 seroconver-
sion patient samples. Figure 3a displays RBD titration
curves for multiple blood draws from a single patient
over the three weeks following a positive PCR SARS-
CoV-2 test. The curves clearly shift to the left with time,
showing increasing affinity of the antibody. As seen in
Figure 3b, this trend was observed in all sequential
blood draws for a given patient, and the final apparent
affinities achieved are similar, with estimated constants
on the close order of 109 M�1. It is also worth noting
that the data indicate that affinities typically change by a
few orders of magnitude over the course of the infection
and convalescence. The apparent affinity results of
Figure 3c, along with additional, single point, patient
plasma samples, are plotted as a function of days follow-
ing the onset of infection. A positive PCR test was used
to define infection onset, which is rather imprecise as it
depends on when the patient was tested. Nevertheless,
the data clearly show that the apparent affinities of the
patients’ antibodies are increasing with time.

Having demonstrated that we can obtain anti-spike
antibody affinity values that follow the expected matura-
tion pattern, we next apply SRSD to study vaccinated
individuals. Each individual provided three blood sam-
ples: pre-vaccination, three weeks following dose 1 of
www.thelancet.com Vol xx Month xx, 2021
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the Moderna vaccine, and two weeks post dose 2. The
same SRSD protocol as described above was utilised.
The pre-vaccine plasma sample was used as the back-
ground control in place of negative human plasma,
except in the cases where significant anti-spike IgG lev-
els were already present in the pre-vaccination sample,
suggesting the patient had previously been infected
with SARS-CoV-2. In each of the measured patients, the
apparent affinity following the second dose was higher
than after the first dose. The vaccinated individual affin-
ity datapoints vs. days post vaccination are plotted in
Figure 3d for comparison with infected patient affinities
(Figure 3c). It is clear, that vaccinated people (triangles)
are achieving affinities equivalent to, or tighter than,
those of the infected patients (squares) and doing so in
a much shorter time frame. Most vaccinated individuals
developed high affinity antibodies by the third week fol-
lowing the first dose. Convalescent patients do not
achieve comparable affinities until 2�4 months after
infection onset.

Previous studies have shown that patient antibody lev-
els following SARS-CoV-2 exposure and a single vaccine
dose are similar to the levels following two vaccine doses
in infection-naÿve individuals.31,32 It is interesting to
observe that the highest antibodies affinities measured in
our study were found in the two patients who appeared to
have had a SARS-CoV-2 infection prior to being vaccinated
(red triangles). These two patients showed significant lev-
els of high affinity anti-spike IgG in their baseline blood
draw. Following the first dose of the vaccine, their antibod-
ies showed an extremely tight apparent affinity (equivalent
to dissociation constants of »2 and 4 pM). Vaccination
appears to further increase the infection-triggered
immune response. In these cases, the second vaccine dose
only provided a marginal increase in affinity.

Anti- SARS-CoV-2 antibody affinity affects outcomes of
diagnostic antibody assays. The ongoing spread of SARS-
CoV-2, as well as the existence of current and future var-
iants means that vaccine titre monitoring and antibody
assays continue to have an important role in global
health. The current generations of commercial COVID-
19 antibody immunoassays were developed extremely
rapidly under emergency conditions. As the clinical and
diagnostic research communities now perform rigorous
evaluations of these assays, they are observing discrep-
ancies in the dynamics of the anti-SARS-CoV-2 antibody
response, as reported by immunoassays employing two
common assay formats.33

Anti-viral antibody levels in patients with an infec-
tion are known to have a certain dynamic pattern.8�10

IgM antibody levels rise shortly after the onset of infec-
tion and then fall away as the more specific IgG antibod-
ies go into production. IgG levels in the blood rise
higher and last longer to provide ongoing immunity,
but how long they persist has been an important point
in understanding anti-SARS-CoV-2 immunity and the
defence against re-infection.
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Therefore, it is necessary to monitor not only the
presence of anti-SARS-CoV-2 IgG antibody—indicating
virus exposure—but also the quantity of IgG, to deter-
mine protection levels following infection and/or vacci-
nation. As mentioned in the Introduction, there are two
common immunometric assay formats which can be
used to detect anti-viral antibodies in patient samples.
Both formats employ analyte-specific, RBD-coated
microparticles for the capture step but utilise different
detection conjugates. Indirect assays use signal generat-
ing anti-human IgG secondary antibody (Figure 4a),
while direct immunoassays use labelled RBD to fill the
remaining binding sites of captured antibodies
(Figure 4b). Indirect antibody assays are performed as
two-step sandwich immunoassays and are intended to
measure a certain immunoglobulin class. Direct immu-
noassays are also sandwich immunoassays, typically
performed in one step, and are designed to measure
antibodies of all classes. Many assay developers favour
direct assays as using this format often helps to mini-
mise nonspecific background.
Effect of antibody affinity on diagnostic anti- SARS-
CoV-2 antibody assays
When monitoring seroconversion panels with assays in
both formats, we observed an apparent discrepancy. In
some patients, at a few months post onset of a SARS-
CoV-2 infection, the indirect assay showed a decreasing
signal, indicating reduced concentration of anti-spike
IgG, while the direct assay of the same sample showed
a steady, or even increasing, signal (Figure 4c). We
hypothesised that the observed discrepancy stemmed
from the effect of different dependencies on patient
antibody affinity. Since the direct assay format relies on
patient antibody binding sites for both capture and
detection, it is likely to be more influenced by this
important parameter. A similar hypothesis is also indi-
cated in a recent publication by Di Germanio et al.33 To
test this hypothesis, we returned to the patient samples
that had demonstrated this discrepancy (Figure 4c), and
used SRSD to acquire the apparent affinities. Then,
when running a given sample with both direct and indi-
rect assays, we calculated the ratio of the output signals.
Since both assays are measuring the same sample, the
antibody concentration component of that ratio should
be a constant. This means that any ratio variations
across samples should reflect differences in the affinity
component.

Furthermore, using the ratio of the assay signals also
allowed us to combine all data obtained from numerous
patient samples in a single dataset without bias from
the varying antibody concentrations, and to plot them as
a function of the disease time course. A positive correla-
tion of the direct/indirect signal ratio with measured
affinity indicates that the numerator (direct format sig-
nal) has greater affinity dependence. In fact, referring to
7



Figure 4. Two formats of SARS-CoV-2 antibody diagnostic assays and their relative dependence on patient antibody affinity. (a) The car-
toon depicts an indirect, two-step sandwich assay format to detect patient antibody. A sample containing anti-RBD antibody is incu-
bated with antigen-coated microparticles. After washing, the microparticle-captured antibody is incubated with labelled anti-
human IgG conjugate, washed again, and measured. (b) The direct format sandwich assay, typically performed in one step (all
reagents added simultaneously) is an alternative means for quantifying anti-RBD antibodies. It uses the same antigen-coated micro-
particles to capture antibodies, while, in this case, labelled antigen serves as the detection conjugate. (c) Data from four patients (i,
ii, iii, iv) who provided blood samples at different times (up to 4 months after infection onset). For each patient, the assay signals
(antibody levels) show opposite trends over time when measured by a direct vs. indirect assay. The table also includes the calculated
ratio of direct/indirect signals and the measured affinities. (d) Correlating the direct/indirect signal ratio with affinity demonstrates
that the direct format assay has a pronounced dependence on patient antibody affinity (26 samples, 16 patients). The Pearson’s cor-
relation coefficient is 0.702 (t-test p-Value<0.0001, 95% CI: [0.432, 0.856]).
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Figure 4c, we observed that the ratio of the direct/indi-
rect signals is tracking with the affinities. To explore
this result further, we collected affinities, as well as
direct and indirect assay results, from additional sero-
conversion and stand-alone patient sample panels and
then plotted affinity as a function of signal ratio
(Figure 4d). The plot shows a good, positive correlation
with apparent affinity, indicating a stronger affinity
dependence for the direct format. Note that this plot
(Figure 4d) is constructed from patient samples drawn
more than 20 days after the onset of SARS-CoV-2 infec-
tion. Signal ratios obtained for samples collected during
the early stage of the infection (Supplementary Figure
5) are uncorrelated with affinity. This is likely influ-
enced by the increased presence of IgM and low-affinity
IgG antibodies, which contribute to the direct but not
the indirect assay signal. We should also keep in mind
the high variability in patient immune responses, which
can be amplified by lower— and thus noisier—IgG sig-
nal levels. Nevertheless, these results clearly indicate
that the direct immunoassay signal has a strong correla-
tion, and thus dependence, on the affinity of the patient
antibody. Therefore, as affinity maturation takes place
and affinity improves, the direct format signal will tend
to increase despite a drop in actual IgG concentration in
the blood plasma. This sensitivity and preference for
higher affinity anti-spike antibodies make direct format
immunoassays useful for extending the time window in
which a previous SARS-CoV-2 infection can be detected.
However, for quantifying the level of anti-spike IgG anti-
body, indirect formats provide more accurate results.
Discussion
We demonstrated a practical research approach for mea-
suring the apparent affinity of antibodies directly in
www.thelancet.com Vol xx Month xx, 2021
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human blood plasma/serum without purification or
labelling. It can be used to follow natural antibody mat-
uration, which is a key aspect of the immune response,
in patients who suffered and recovered from a SARS-
CoV-2 infection and/or upon vaccination. We also
found that antibody affinity can impact diagnostic
SARS-CoV-2 antibody measurements. We showed that
direct immunoassays, which include two antibody-anti-
gen binding reactions, are correlated with the antibody
affinity. This improves the ability of direct assays to
identify previous SARS-CoV-2 exposure. On the other
hand, the indirect immunoassays are better suited for
quantifying anti-viral antibody levels.

In general, it is important for the medical commu-
nity to be aware that antibody affinity affects diagnostic
immunoassay outputs. As affinity changes with time,
interpreting assay results may depend on how long after
activation of the immune response the test was per-
formed.
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