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Abstract

Objectives. As the world transitions into a new era of the COVID-19
pandemic in which vaccines become available, there is an increasing
demand for rapid reliable serological testing to identify individuals
with levels of immunity considered protective by infection or
vaccination. Methods. We used 34 SARS-CoV-2 samples to perform a
rapid surrogate virus neutralisation test (sVNT), applicable to many
laboratories as it circumvents the need for biosafety level-3
containment. We correlated results from the sVNT with five
additional commonly used SARS-CoV-2 serology techniques: the
microneutralisation test (MNT), in-house ELISAs, commercial
Euroimmun- and Wantai-based ELISAs (RBD, spike and
nucleoprotein; IgG, IgA and IgM), antigen-binding avidity, and
high-throughput multiplex analyses to profile isotype, subclass and
Fc effector binding potential. We correlated antibody levels with
antibody-secreting cell (ASC) and circulatory T follicular helper
(cTfh) cell numbers. Results. Antibody data obtained with
commercial ELISAs closely reflected results using in-house ELISAs
against RBD and spike. A correlation matrix across ten measured
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ELISA parameters revealed positive correlations for all factors. The
frequency of inhibition by rapid sVNT strongly correlated with
spike-specific IgG and IgA titres detected by both commercial and
in-house ELISAs, and MNT titres. Multiplex analyses revealed
strongest correlations between IgG, IgG1, FcR and C1q specific to
spike and RBD. Acute cTfh-type 1 cell numbers correlated with spike
and RBD-specific IgG antibodies measured by ELISAs and sVNT.
Conclusion. Our comprehensive analyses provide important insights
into SARS-CoV-2 humoral immunity across distinct serology assays
and their applicability for specific research and/or diagnostic
questions to assess SARS-CoV-2-specific humoral responses.

Keywords: antibody-secreting cells, ELISA, neutralisation assay,
SARS-CoV-2 antibodies, T follicular helper cells

INTRODUCTION

The coronavirus disease 2019 (COVID-19)
pandemic caused by the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) has infected
> 100 million individuals, caused over 2 million
deaths1 and greatly disrupted economies
worldwide. While awaiting global vaccination
programmes, countries have focused on rapid
testing, isolating and contact tracing of SARS-CoV-
2-infected individuals using the nucleic acid
amplification test (NAAT; RT-PCR),2,3 while
implementing social distancing and lockdown
measures to reduce virus transmission and prevent
healthcare systems from being over-whelmed with
COVID-19 patients.4,5 Concurrently, scientists have
endeavoured to unravel the correlates of
protective immunity2,6,7 and there has been an
unprecedented effort to develop and produce
vaccines.8 The world is now transitioning into a
new stage of the pandemic, in which vaccines
should become available globally. It is likely that
identifying individuals with protective immunity
induced by infection or vaccination, and whether
previously induced immune responses are
protective against potential new variants, will
assume increasing importance.9 Furthermore, from
a scientific standpoint, one of the key knowledge
gaps is related to the duration of protective
immunity in the population after infection and/or
vaccination. This will be closely monitored in the
years to come. Thus, from both a diagnostic and
scientific standpoint, there will be an increasing
demand for reliable rapid serological tests.

In general, virus neutralising antibodies
measured by a plaque-reduction neutralisation
test (PRNT)10 or a virus microneutralisation test

(MNT)11,12 are considered the gold standard
correlate of protection,13 although it is currently
unclear what titre is required for absolute
protection from SARS-CoV-2 infection. These
assays detect antibodies that can inhibit viral
entry and thus can prevent reinfection with the
same virus.13 However, SARS-CoV-2-specific PRNT
and MNT can only be performed in biosafety level
(BSL) 3 containment laboratories by specially
trained personnel and take up to 5 days to
perform. Furthermore, as they are biological
assays, samples must be run in the same assay for
accurate comparisons between samples. These
assays are also limited by their inability to
discriminate different antibody isotypes, and to
detect antibodies directed against other non-
neutralising epitopes known to contribute to
protection against severe disease.14

Alternative serology assays are required to gain a
rapid and comprehensive profile of humoral
responses against SARS-CoV-2. Recent advances
include the use of (1) the surrogate virus
neutralisation test (sVNT), a competition enzyme-
linked immunosorbent assay (ELISA) which uses
purified receptor binding domain (RBD) of the
spike (S) protein and host cell receptor
angiotensin-converting enzyme 2 (ACE2) to mimic
the virus–host interaction15,16 and allows detection
of antibodies that block RBD binding to ACE2
without the need for infectious virus or cells and
therefore only requiring BSL 2 containment, (2)
ELISAs which detect SARS-CoV-2-specific antibodies
of different isotypes directed towards viral proteins
such as the full S protein, RBD and nucleocapsid (N)
protein,11 (3) multiplex-based serology allowing
detection of different antibody isotypes against a
large set of viral antigens and provides information
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on Fc-receptor specificity, while requiring small
sera or plasma volumes,14,17 (4) chaotropic-based
dissociation assays to measure antigen-binding
avidity, and (5) commercial semi-quantitative ELISA
systems, including assays developed by Euroimmun
(L€ubeck, Germany) and Wantai (Beijing, China) to
detect the level of SARS-CoV-2-specific antibodies
in patient samples.18–21 These assays are rapid,
circumvent the use of infectious virus and cells, and
detect responses against a broader range of viral
epitopes, thus revealing and identifying different
antibody features beyond virus neutralisation that
contribute to the prevention of infection and/or
severe disease.

Although some studies have compared the
specificity and sensitivity of different diagnostic
tests,22–26 relatively limited data are available on
correlations between distinct serology assays and
understanding how they relate to the classical
MNT readout. Such comparisons are needed to
understand the applicability of SARS-CoV-2
serology assays for specific research questions. In
our study, we used a cohort of 34 serum/plasma
samples from 15 COVID-19 patients to perform a
rapid sVNT which is highly applicable to many
laboratories as it circumvents the need for BSL 3
containment. We further correlated the antibody
data obtained from the sVNT to five additional
commonly used SARS-CoV-2 serology techniques as
described above for the same COVID-19 patient
samples. These included a MNT, in-house and
commercial Euroimmun- and Wantai-based ELISAs
(RBD, S and N; IgG, IgA and IgM), antigen-binding
avidity assays and serology multiplex analysis.6,11,14

Furthermore, we correlated the antibody levels
obtained from these assays with cellular immune
responses important for antibody production,
antibody-secreting cells (ASC) and circulatory T
follicular helper (cTfh) cells. Our comprehensive
analyses provide important insights into SARS-CoV-
2 humoral immunity across distinct serology assays
as well as their applicability for specific research
questions to assess humoral immunity in COVID-19
clinical samples.

RESULTS

COVID-19 patient IgM, IgG and IgA titres
correlate between commercial and in-house
ELISAs

Our study included 34 SARS-CoV-2 samples from
15 PCR-confirmed COVID-19 cases. Seven patients

were recruited in hospital during acute infection
(with three being on supplemental oxygen), and
eight patients from the community during
convalescence. The median age of the COVID-19
patients was 57 (range 25–74 years) and 67%
were females. Patient blood was longitudinally
sampled up to three times, between days 2 and
188 post-symptom onset (Supplementary table 1).
Acute samples were defined as those obtained
within 14 days of symptom onset (range 2–
14 days), while convalescent samples were
obtained more than 5 weeks post-symptom onset
(range 38–188 days). We also recruited 27 pre-
pandemic healthy non-exposed controls, with a
median age of 52 (range 24–75 years) and 67%
were female.

To determine isotype-specific antibody
responses against a range of SARS-CoV-2 antigens
in COVID-19 patients, we used commercial ELISAs
detecting IgM against RBD (Wantai), IgG and IgA
against S (Euroimmun) and IgG against N
(Euroimmun). Antibody levels against these
antigens were significantly higher in acute
(median index value IgM (RBD); 13.791, IgG (S);
3.883, IgA (S), IgG (N); 2.633) and convalescent
COVID-19 samples (median index value IgM (RBD);
12.986, IgG (S); 4.369, IgA (S); 3.791, IgG (N);
2.378), when compared to healthy non-exposed
individuals (median index value IgM (RBD); 0.184,
IgG (S); 0.132, IgA (S); 0.260, IgG (N); 0.188)
(Figure 1a). Across all isotypes and specificities,
the antibody levels were maintained between
acute and convalescent samples, although IgM
(RBD) and IgA (S) started to decrease at about day
40, while IgG (S and N) were maintained for
slightly longer decreasing at about day 80
(Figure 1b). Antibody data obtained with the
commercial ELISAs closely reflected the antibody
profiles detected with the in-house performed
ELISAs against RBD and S (Figure 1c),6 in which all
COVID-19 patients seroconverted by convalescence
as measured by the in-house IgG (RBD) ELISA.
Longitudinally, titres for both RBD and S
specificities trended towards decreased levels with
time post-symptom onset (Figure 1d), which was
similar to our observation using the commercial
ELISAs.

IgG (S) antibody levels measured by the
commercial ELISA correlated strongly across
isotypes (IgM, IgA) and specificities (RBD, N)
(P < 0.0001) (Figure 1e). Similarly, IgG (RBD, S)
titres measured by the in-house ELISA positivity
correlated with IgM and IgA with matched
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Figure 1. Antibody signatures in COVID-19 patients determined by commercial and in-house ELISAs. (a) Antibody levels against SARS-CoV-2

proteins for IgM (RBD), IgG (S and N) and IgA (S) in acute (n = 7) and convalescent (n = 14) COVID-19 donors and non-exposed healthy

individuals (n = 25) were measured by commercial ELISA. Grey dotted lines indicate borderline antibody levels as determined by the

manufacturer. (b) Kinetics of antibody levels determined by commercial ELISA from days post-symptom onset for IgM, IgG and IgA. (c) In-house

ELISA end-point titres of SARS-CoV-2 RBD and S antibodies where the dotted line indicates the seroconversion cut-off. (d) Kinetics of antibody

levels determined by in-house ELISA from days post-symptom onset for IgM, IgG and IgA. (e) Correlation between commercial ELISA antibody

isotopes and specificities (n = 59 samples per isotype). (f) Correlation between IgG and IgM/IgA for RBD (n = 58 samples) and S (n = 49 samples)

specificities as measured by in-house ELISA. (g) Correlation between matched isotype and specificities for commercial and in-house ELISAs

(n = 34 samples). (h) Correlation matrix of commercial and in-house ELISA antibody levels in all acute and convalescent COVID-19 samples.

Spearman’s ranked correlation coefficients (rs) are depicted for each paired correlation, with positive correlations shown in shades of blue and

negative correlations in shades of red. (a, c) Median is shown, and statistical significance was determined by a Kruskal–Wallis multiple

comparisons test. (b, d) LOESS regression lines with 95% confidence intervals shaded in grey are shown. (e–g) Spearman’s correlation

coefficients and P-values shown.
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Figure 2. ACE2-RBD binding inhibition correlates with MNT, IgG and IgA titres. (a) Percentage inhibition of ACE2 and RBD binding by

neutralising antibodies in acute (n = 12) and convalescent (n = 22) COVID-19 samples and non-exposed healthy individuals (n = 25). (b) MNT

titres are shown in a subset of donors (12 acute, 15 convalescent and 12 non-exposed healthy serum samples) as previously described 6. (a, b)

Medians are shown, and statistical significance was determined by a Kruskal–Wallis multiple comparisons test (left panels). Kinetics of neutralising

antibodies from days post-symptom onset (right panels). LOESS regression lines with 95% confidence intervals shaded in grey are shown. (c, d)

Correlation between sVNT percentage inhibition and (c) MNTs (titre log2), and (d, top) commercial (n = 59 samples per isotype) and (d, bottom)

in-house (n = 49 samples per isotype) ELISA for S-specific IgG and IgA antibody levels. Spearman’s correlation coefficients and P-values shown.

(e) Isotype and neutralisation profiles for RBD and Spike-specific IgM, IgG and IgA at acute and convalescent timepoints, measured by sVNT and

(i) commercial and (ii, iii) in-house ELISAs. (f) Correlation between commercial and in-house IgM (RBD) and IgG (S) ELISAs with sVNT and MNT

divided into acute and convalescent phases. Spearman’s correlation coefficients and P-values for each phase are shown.
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antigen specificities (P < 0.0001) (Figure 1f). To
confirm that the antibody levels determined via
the two different ELISA methodologies were
comparable, we analysed paired antigen
specificities and found strong positive correlations
across all three isotypes (rs = 0.7525–0.9636,
P < 0.0001) (Figure 1g). We also generated a
correlation matrix across the 10 parameters
derived from the commercial and in-house ELISAs,
revealing positive correlations between all factors.
The weakest correlates (rs < 0.7) were between
the in-house IgM-RBD versus the commercial IgA-
S, IgG-N, IgG-S and in-house IgA-S, IgG-S and IgA-
S, whereas the strongest correlates were between
commercial IgG-S versus in-house IgG-S (rs = 0.96)
and in-house IgG-RBD (rs = 0.95) (Figure 1h).

ACE2-RBD binding inhibition correlates with
IgG titres

The rapid surrogate neutralising assay measures
neutralising activity of SARS-CoV-2-specific
antibodies in COVID-19 patients at a lower
biosafety level (BSL 2). The sVNT used in this study
was based on antibody-mediated blockade of the
interaction between the ACE2 receptor protein
and RBD,15 and unlike the conventional MNT,
does not require infectious virus, cells or a BSL 3
laboratory. The sVNT detected neutralising
antibodies in all COVID-19-infected individuals
except one by convalescence (despite a positive
PCR test, this individual was also negative by sVNT
and MNT). Both acute and convalescent COVID-19
groups displayed significantly higher ACE2-RBD
inhibition than healthy non-exposed individuals
(P = 0.0007 and P < 0.0001, respectively)
(Figure 2a). Although we observed a decrease in
neutralising antibody titres over time, neutralising
activity was maintained into convalescence, with
detectable neutralising antibodies found in 3 out
of 5 donors at ~180 days post-symptom onset,
with the remaining two donors displaying
borderline inhibition (21% and 22.9%).

Since the sVNT has been developed relatively
recently, we next asked how the ACE2-RBD
inhibition detected by sVNT compared to classical
MNT titres, as detected on a subset of donors
described previously.6 Indeed, very similar patterns
of neutralisation were observed with the MNT
compared to the sVNT, with MNT antibodies
detected at significantly higher levels in acute
(P = 0.0121) and convalescent (P = 0.0001) COVID-
19 donors when compared to healthy non-

exposed individuals (Figure 2b). Antibody
neutralisation activity strongly correlated between
the two tests (rs = 0.9076; P < 0.0001) (Figure 2c).
Importantly, results obtained using the RBD in-
house ELISA also correlated with the classical
MNT, as shown previously.6

Having shown that the frequency of ACE2-RBD
inhibition measured by the sVNT is comparable to
the neutralisation activity determined by MNT, we
tested whether the ACE2-RBD inhibition
correlated with the ELISA antibody levels. We
observed the frequency of ACE2-RBD inhibition
strongly correlated with the S-specific IgG and IgA
titres measured by both commercial (IgG (S)
rs = 0.8920 P < 0.0001, IgA (S) rs = 0.8138
P < 0.0001) and in-house ELISAs (IgG (S)
rs = 0.8981 P < 0.0001, IgA (S) rs = 0.8572
P < 0.0001) (Figure 2d). Analysis of antibody titres
and ACE2-RBD inhibition revealed that the
proportion of COVID-19 samples with
undetectable IgM-RBD, IgG-S and IgA-S antibodies
(measured in the commercial ELISA) and low
neutralising activity (below 18%) decreased from
25% at the acute phase of infection to 4.5%
during convalescence (Figure 2ei). Using the in-
house ELISA, this trend in antibody responses
(against the same antigens used in the commercial
ELISAs) and neutralisation activity was also
observed, decreasing from 25% at the acute
phase to 0% at convalescence as all the recovered
individuals had at least one positive isotype
response (Figure 2eii). This suggests that a
combined detection of IgM, IgG and IgA S or
RBD-specific antibody isotypes via the in-house
ELISA might be more sensitive and/or has a lower
threshold of detection than the commercial ELISA.
Interestingly, when antibody levels were
measured by commercial ELISA, more than half
(59%) of the convalescent donors were positive
for all antibody isotypes (IgG-S, IgM-RBD and IgA-
S) and ACE2-RBD inhibition (Figure 2ei). In
contrast, when titres were measured by in-house
ELISA, a majority of the participants were positive
for neutralisation activity featuring either all
isotypes (IgG-S, IgM-RBD and IgA-S) (36%) or only
IgA-S and IgG-S (50%) (Figure 2eii), indicating
potentially a lower sensitivity for IgM in the in-
house assay. However, when only RBD-specificity
was considered, unresponsive frequencies were
higher at the acute phase (33%). Moreover, half
(50%) of convalescent donors exhibiting
neutralising activity had only antibodies with IgG
isotype (Figure 2eiii), indicating that a proportion
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Figure 3. IgG antibody avidity increases at convalescence. (a) Representative avidity analysis for IgM RBD-specific antibodies. Plasma was diluted

across antigen-coated wells before treatment in the presence (red) or absence (blue) of 6 M Urea. Shown is the percentage of antibody bound at

each dilution relative to the amount detected at the lowest dilution (1:31.6) in the absence of urea (100%). (b) Longitudinal antibody avidity

levels of acute (n = 7) and convalescent (n = 13) COVID-19 patient samples for RBD-specific IgM. The avidity index reflects the percentage of

antibody remaining by comparing the AUC of each antibody titration curve with or without urea treatment. (c) Avidity analysis for IgM RBD-

specific antibodies in paired samples (left panel). Correlation between in-house IgM (RBD) ELISA titres and IgM avidity scores (right panel). (d)

Representative avidity analysis for IgG RBD-specific antibodies. (e) Longitudinal antibody avidity levels of acute (n = 7) and convalescent (n = 13)

COVID-19 patient samples for RBD-specific IgG. (f) Avidity analysis for IgG RBD-specific antibodies in paired samples (left panel). Correlation

between IgG (RBD) ELISA titres and IgG avidity scores (right panel). (c, f, left panels) First and last samples were collected between 4 and

141 days apart. Statistical significance was assessed by the Wilcoxon matched-pairs signed rank test, n = 12. (c, f, right panels) Spearman’s

correlation coefficients and P-values are shown.
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Figure 4. Multiplex analysis of COVID-19 patients. Median fluorescence intensity of selected Ig isotypes, FcR and C1q against (a) S trimer, (b)

RBD and (c) N protein within acute (n = 6), convalescent (n = 4) and non-exposed healthy (n = 22) plasma samples. (d) Correlation heatmap of

MFI’s measured across all 14 detectors (IgM, IgG, IgG1, IgG2, IgG3, IgG4, IgA1, IgA2, FccRIIaH, FccRIIaR, FccRIIIaV, FccRIIIaF, FccRIIb and C1q)

against the 5 SARS-CoV-2 antigens (trimeric S, S1, S2, RBD and N). Only significant correlations (FDR corrected P < 0.05) are shown. (e)

Correlations of sVNT percentage inhibition (n = 33 COVID-19 positive and healthy samples) or MNT (n = 20 samples) between S- or RBD-specific

FccRIIaH, FccRIIIaV, or C1q MFI are shown. Spearman’s correlation coefficients and P-values are shown.
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of antibody responses observed in the commercial
(Figure 2ei) and in-house ELISA (Figure 2eii)
against the S protein are directed to non-RBD
regions of the protein.

Given that IgM can mediate a significant
proportion of the early neutralisation activity,27

we correlated commercial and in-house ELISA IgM
and IgG antibody levels with neutralisation

Figure 5. Contribution of cellular factors to antibody-mediated immunity. (a, b) Absolute numbers and longitudinal kinetics of (a) ASCs and (b)

cTfh1 cells have previously been described.6 Correlations of cellular subsets between commercial and in-house IgG-S, in-house IgG-RBD and sVNT

% inhibition are shown in the right panels. (c) Heatmap of neutralisation (MNT, sVNT), antibody levels (in-house and commercial ELISA), antibody

avidity, ASC and cTfh1 cells and multiplex analyses of acute (n = up to 11), convalescent (n = up to 16) and non-exposed healthy (n = up to 6).

Each row represents a different sample with their matched measurements (where available) in each column.
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measured by sVNT and MNT. We observed that
the IgM levels at acute timepoints correlated
more strongly with neutralisation activity
(commercial IgM with MNT rs = 0.8915 P = 0.0003,
sVNT rs = 0.9807 P < 0.0001; in-house IgM with
MNT rs = 0.8536 P = 0.0009, sVNT rs = 0.9021
P = 0.0002) than IgM levels at convalescence
(commercial IgM with MNT rs = 0.5246 P = 0.0469,
sVNT rs = 0.7568 P < 0.0001; in-house IgM with
MNT rs = 0.5443 P = 0.0382, sVNT rs = 0.6612
P = 0.0008) (Figure 2f). In comparison, the strong
correlations between IgG levels and neutralisation
activity were maintained across both acute and
convalescent phases (acute rs = 0.7987–0.9002;
convalescence rs = 0.7234–0.9562). These
correlations are thus in line with the view that
both IgM and IgG contribute to protection during
the acute phase; however, IgG responses may
have a greater contribution to the overall
neutralisation activity over time.

Avidity of IgG antibodies increases at
convalescence

Data obtained using the sVNT and the commercial
and in-house ELISA assays, as well as our previous
MNT data,6 clearly demonstrated that the
majority of COVID-19 patients had robust
antibody titres and neutralising activity, but
provided little information on how these
parameters were related to the qualitative
features of humoral immunity. Since antibody
neutralisation quality and potency is often
correlated with antibody avidity, a urea
dissociation assay (Figure 3a and d, representative
donors) was used to determine the proportion of
antigen-bound IgM and IgG antibody remaining
after 6 M urea treatment (expressed as an avidity
index).6,14 The avidity of IgM was greater than
50% at all timepoints for all COVID-19 donors
tested (Figure 3b). In paired COVID-19 plasma
samples (n = 12) obtained 4 to 141 days apart
(median 40.5 days between first and last visits),
we found a significant increase (P = 0.023) in IgM
avidity on the second visit (Figure 3c), with avidity
from day 40 post-symptom onset apparently
maintained to at least day ~188 (Figure 3b). IgM
avidity also correlated with the IgM titres from in-
house ELISAs (rs = 0.8158, P < 0.0001) (Figure 3c),
an indication of the presence of IgM at high
levels after initial pathogen exposure and its
pentameric conformation providing antigen
binding strength.

In contrast, RBD-specific IgG antibodies in
COVID-19 donors (n = 12) exhibited lower avidity
than IgM at the first visit during the acute phase
of disease, which then increased during
convalescence (Figure 3e). Paired analysis of IgG
avidity during first and last visits, however,
showed a more significant increase by the second
visit (P = 0.009) compared to the IgM (Figure 3f).
The fact that IgG avidity did not correlate as
strongly with the IgG titre (rs = 0.6085, P = 0.0004)
indicates that despite high initial titres, IgG
responses require time to undergo somatic
hypermutation to acquire stronger avidity, or
alternatively that the IgG titre and avidity are less
interconnected than their IgM counterparts.

Coronavirus multiplex array reveals a range
of key antibody features beyond
neutralisation

Apart from neutralisation activity exerted by a
variety of antibody isotypes, antibodies also have
the capacity to engage Fc Receptors (FcRs) or
complement as a mechanism to mediate Fc
effector functions; they are not limited to
targeting the RBD. The coronavirus multiplex
array that has previously been applied to systems
serology studies,14 allows detection of a broad
range of antibody levels directed against a range
of antigen specificities (including trimeric S, spike
1 (S1) and 2 (S2), RBD, N and antigens from
seasonal coronaviruses to test cross-reactivity),14

isotypes (IgG, IgA, IgM) and subclasses (IgG1,
IgG2, IgG3, IgG4, IgA1, IgA2), along with
functions like C1q [a predictor of classical
Antibody-Dependent Complement Activation
(ADCA)] and soluble dimer engagement via FcRs
(FccRIIa, FccRIIb and FccRIIIa), which have
previously been shown to correlate with a range
of effector functions.28

A subset of donor samples was examined using
the multiplex approach (COVID-19 donors n = 9,
non-exposed healthy individuals n = 22) across
five SARS-CoV-2 antigens (trimeric S, S1, S2, RBD
and N) and 14 detectors (IgM, IgG, IgG1, IgG2,
IgG3, IgG4, IgA1, IgA2, FccRIIaH, FccRIIaR,
FccRIIIaV, FccRIIIaF, FccRIIb and C1q), as previously
described.14 Significantly higher levels of S-specific
IgM (P = 0.0056), IgG (P = 0.0037), IgG1
(P = 0.013), IgG2 (P = 0.017), IgG3 (P = 0.002),
IgA1 (P = 0.0026) and IgA2 P = 0.002) antibodies
were detected in convalescent COVID-19 donors
compared to healthy controls, whereas only IgM
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(P < 0.0001), IgG2 (P = 0.0076), IgG3 (P = 0.01),
IgA1 (P = 0.015) and IgA2 (P = 0.0317) showed
significantly higher levels in acute donors
(Figure 4a and Supplementary figure 1a).
Significant differences between convalescent
COVID-19 donors and healthy individuals were
maintained when only the RBD-specific antibody
response was considered for all antibody isotypes
apart from IgM and IgG2, with significantly
higher antibodies in acute donors observed only
for IgG (P = 0.0225) and IgA1 (P = 0.0292)
(Figure 4b). In comparison, significant differences
in N-specific antibodies were limited to
convalescent IgG (P = 0.0212), IgG1 (P = 0.0109)
and IgG3 (convalescent P = 0.0162 and acute
P = 0.0266) (Figure 4c). When FcRs and C1q were
examined across antigen specificities, similar to
the antibody isotypes, the acute and convalescent
COVID-19 donors had significantly higher levels
than non-exposed individuals for S, S1 and RBD,
but less so for N and S2 (Figure 4a–c and
Supplementary figure 1b). The increased binding
to high avidity FccRIIaH131 and FccRIIIaV158
soluble dimers for the S and RBD-specific
antibodies may suggest that, in addition to the
potential neutralising activity, antibody-mediated
activity such as antibody-dependent cellular
cytotoxicity (ADCC) and antibody-dependent
cellular phagocytosis (ADCP) could potentially
contribute to viral clearance.14 Furthermore, we
observed a trend towards increasing FcR and C1q
engagement over time, suggesting that the Fc
function is being regulated or modulated in
COVID-19 donors during and possibly even after
infection. Significant binding to C1q in acute (S
P = 0.0112, S1 P = 0.0013, S2 P = 0.0002, RBD
P < 0.0001, N P = 0.0008) and convalescent (S
P < 0.0001, S1 P < 0.0001, S2 P = 0.0124, RBD
P = 0.0033) COVID-19 donors compared to non-
exposed healthy individuals also indicates that
viral infection induces antibodies that could clear
the virus infected cells via ADCA. Overall, the
multiplex data positively correlated with each
other, with the strongest correlations observed for
IgG, IgG1, FcR and C1q detectors against S, S1 and
RBD antigens (Figure 4d). In context with the
neutralising data, the high avidity FcR and C1q
detectors against S and RBD were found to
positively correlate with neutralising activity
determined by both sVNT and MNT, with the S-
specific antibodies generally displaying a stronger
correlation than the RBD antibodies (Figure 4e),
indicating a potential contribution of neutralising

antibody directed against epitopes outside the
RBD.

Acute cTfh-type 1 numbers are indicative of
antibody-mediated immunity

We and others have recently shown that SARS-
CoV-2 antibody responses correlate with the rise
in ASCs and cTfh-type 1 (cTfh1) responses in
COVID-19 patients.2,6,12,29 In our previous study,6

CD38hiCD27hi ASCs peaked rapidly and transiently
post infection, with the number of ASCs in a
subset of acute COVID-19 donors included in this
comparative study (n = 15) also being significantly
higher than convalescent COVID-19 donors
(P = 0.001) and non-exposed healthy individuals
P = 0.0084) (Figure 5a). In contrast, total activated
PD1+ICOS+ CXCR3+CXCR5+CD4+ cTfh1 cells peaked
later post-symptom onset,6 with significantly
higher levels in acute COVID-19 donors compared
to healthy individuals (P = 0.0083) included in this
study (Figure 5b). The early and temporary
increase in ASC did not correlate with antibody
levels measured by commercial or in-house ELISA
(IgG-S/RBD) or sVNT. However, the number of
cTfh1 cells correlated positively with levels of S
and RBD-specific IgG antibodies measured by both
the commercial and in-house ELISA, as well as
ACE2-RBD inhibition by sVNT.

To provide insights into SARS-CoV-2 humoral
immunity across the distinct serological assays, we
collated a heatmap of neutralisation (MNT, sVNT),
antibody levels (in-house and commercial ELISA),
antibody avidity, ASC and cTfh1 cells and
multiplex analyses from a subset of patients
(acute n = 11, convalescent n = 15) and non-
exposed healthy individuals (n = 6). When we
ranked the COVID-19 patients according to their
MNT neutralising titres, COVID-19 patients with
the highest neutralising titres also had a high
frequency of ACE2-RBD inhibition detected by
sVNT. Interestingly, patients with high
neutralising activity also had high levels of all
antibody isotypes, specificities, avidity, as well as
cTfh1 cells (Figure 5c), suggesting a broad range
of antibodies likely leads to improved virus
neutralisation. This was particularly true for
donors with high IgG antibodies levels against S
and RBD (as RBD is captured within the S-specific
response) also having high sVNT and MNT,
suggesting a pivotal role for IgG in neutralisation,
although higher levels of neutralising IgA could
be expected in the mucosa.17 While the multiplex
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assay lacked donors with very strong MNT and
sVNT scores, S-specific antibody levels based on
MFI decreased with lower neutralisation activity,
particularly for IgG and IgA. Finally, an extended
correlation heatmap of ASC, cTfh1 and antibody
responses across the six different serology assays
evaluated in this study displayed mostly positive
correlations, with 2277 positive correlations from
a total of 2279 significant correlations
(Supplementary figure 2). The exception was IgG
avidity with IgG1-S and IgG2-S MFI, as determined
by multiplex analyses, which may be due to
limited convalescent sampling in this assay (n = 4),
rather than biological effects as we showed that
IgG avidity increases at the later timepoints.
Although positive correlations were observed
earlier between the FcR and C1q MFIs (S and RBD)
with the sVNT and MNT (Figure 4e), these
correlations were not significant for MNT after
correcting for multiple comparisons in the
extended heatmap (Supplementary figure 2).
However, clusters of very strong positive
correlations were observed as expected between
(1) the ELISAs, both in-house and commercial, (2)
the ELISAs to the multiplex FcR detectors, (3)
multiplex IgG with FcR and (4) within the
different the FcR detectors. Therefore, our
comparative analysis showed that antibody levels
obtained from the above six assays were highly
correlated with each other, and with the cTfh1
response.

DISCUSSION

The COVID-19 pandemic is expected to gradually
transition to a new phase as vaccines become
available that will lead to a rapid increase in
protective immune responses within the
population. Such increased immunity at the
population level can exert immune pressure on
the virus and induce escape mutations, which
could coincide with lower viral fitness. It is likely
that the virus will shift from being a pandemic
strain to a seasonally circulating strain, which like
other seasonal coronaviruses, will cause repetitive
and (hopefully) mild infections,30 as observed for
pandemic influenza virus strains, including the
deadly 1918 influenza pandemic strain.31

Introduction of viral variants, which could
potentially evade protective immune responses is
also a possibility, as happens frequently with
influenza viruses.32,33 Thus, there is a need and an
increasing demand for rapid reliable serological

testing to identify individuals with protective
immunity induced by infection or vaccination.
Furthermore, from a scientific standpoint, these
assays will be useful to monitor the longevity of
humoral immunity, especially in high-risk groups,
in order to re-vaccinate before protective immune
responses wane.34 Serological testing can also be
used to assess whether previously induced SARS-
CoV-2 specific antibodies recognise viral variants
that have mutated within known neutralising
antibody binding sites. Virus neutralisation assays,
including the MNT, are considered the gold
standard to detect protective antibody responses.
However, this assay may not be suitable for every
situation and/or laboratory. The MNT needs to be
performed under BSL 3 containment, requires
highly qualified personnel, needs a relatively large
volume of serum, is labour intensive and does not
provide information on antibody isotypes or
potential protective features beyond virus
neutralisation. Another technical limitation is that
the current MNT assay is a biological assay, so all
samples need to be performed in the same assay
for direct comparison. To circumvent these
limitations, several alternative assays have been
developed (Table 1). However, knowledge on how
distinct serology assays correlate with each other
and understanding how they relate to the
classical MNT readout is limited. In addition, it will
be of increasing importance to compare data
generated by different laboratories using
different serological assays. Our comprehensive
analyses provided important insights into SARS-
CoV-2 humoral immunity across distinct serology
assays, which will enable scientists to select the
best assay to answer their research questions.

We demonstrated that all evaluated serological
assays strongly correlated with the classical MNT
and with each other. Furthermore, all assays had
the capability to detect the longevity of antibody
responses over time. The decision to choose one
of the six assays studied here will therefore
greatly depend on alternative factors such as
biosafety level, labour (hands-on and total
duration of the assay), costs, approval by
Therapeutic Goods Administration (TGA; Australia)
or Food and Drug Administration (FDA; USA) for
diagnostic use, the type of readout and level of
expertise (Table 1), and the research question at
hand. Access to BSL 3 containment for the MNT,
or the high level of expertise and relatively high
costs of the multiplex assay means that these
assays may not be suitable for most laboratories,
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and that the other antibody assays such as the in-
house and/or commercial ELISAs are likely to be
sufficient if the research aim is to detect
protective antibody responses.

However, to understand whether SARS-CoV-2
vaccines can induce similar or even stronger/
broader protective immune responses than
natural infection, additional serological features
beyond virus neutralisation need to be studied.
These include class-switching, antibody
maturation, recognition of (non-)neutralising
epitopes and/or their ability to engage FcRs or
complement, both contributing to protection
from severe viral infections via ADCC, ADCP and
ADCA.35–39 When it comes to class-switching,
either one of the commercial or in-house ELISAs
evaluated herein can be used, as the isotype
data of all three assays strongly correlated with
each other. However, compared to the
commercial ELISAs, the in-house ELISA might be
slightly more sensitive for the detection of IgG
and IgA, but slightly less sensitive for IgM.
Furthermore, the Euroimmun ELISAs have the
additional advantage of not only detecting spike
or RBD-specific antibodies but also those directed
against the nucleocapsid protein. Detection of
nucleocapsid-specific antibodies could potentially
help differentiate vaccinated individuals (S-based
vaccines such as those manufactured by Pfizer,
Moderna or AstraZeneca) from naturally infected
individuals (who would theoretically have both S
and N-specific antibodies). Affinity maturation,
for which antibody avidity could be used as a
surrogate measure, could best be studied using
the chaotropic-based dissociation assay for both
IgG and IgM. However, given that IgA RBD titres
were often lower than IgM and IgG, this
affected the detection range of the assay,
limiting its ability to measure accurate
differences in antibody binding following urea
treatment. Interestingly, when we correlated IgG
titres with the IgG avidity data, we showed that,
during the course of the immune response, the
initial increase in IgG titres was followed by
enhanced avidity, which indicates that despite
initial high titres, time is needed to acquire
strong avidity.

Although multiplex analysis allows one to study
isotype switching, the strength lies in its ability to
simultaneously study antibody responses at the
subclass level to a broad range of viral epitopes,
and additionally provide an in-depth
understanding of their ability to engage FcRs or

complement. Here, we enlisted 14 detectors
against 5 antigens, which totalled to measuring
70 different antibody features in a single assay
but could easily be further expanded, as described
previously.14 This makes the multiplex analysis of
great interest for an in-depth systems serology
comparison of antibody responses induced by
natural infection or vaccination. However, this
assay is technically challenging, and requires
specialised equipment and bioinformatic expertise
to grasp the complexity of the large data sets,
which makes the assay less suitable for most
laboratories.

Germinal centre derived ASCs and Tfh1 cells
play an important role in the induction and
maintenance of antibody responses. However,
since germinal centres are largely inaccessible for
most immune and vaccination studies, we and
others2,6,12,29,40 correlated our serological findings
with previously acquired circulating cellular
immune responses. We observed an increase of
ASCs early during the acute phase of infection,
potentially driving the initial increase in SARS-
CoV-2 specific antibodies; however, long-lived
plasma cells rather than ASCs likely support the
production of long-term serological memory. This
response was followed by an increase in cTfh1
numbers in the late acute phase. Interestingly,
only acute cTfh1 cell numbers, but not ASCs,
correlated with spike and RBD-specific IgG
antibodies measured by ELISAs and ACE2-RBD
inhibition. These results are in agreement with
our recent findings that acute cTfh1 cells correlate
with and predict antibody titres, especially
towards spike, in convalescence as measured by
in-house ELISA.6 These data may suggest a role
for cTfh1 cells in the establishment, class-
switching and longevity of humoral immunity in
SARS-CoV-2 infection. The caveat there is that
only ASC and cTfh1 cells measured in the acute
phase can be used as an indicator for humoral
immunity, since this is the only timepoint where
they can be accurately detected in peripheral
blood.

Overall, the scientific community is well
equipped with a broad range of serological assays
to answer a variety of biologically relevant
questions on SARS-CoV-2-specific antibody
responses that will arise over the coming months
and years. Our study establishes that strong
correlations exist between different assays despite
the fact that the assays are designed to detect
distinct antibody features, thus allowing
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laboratories with different technologies to
compare their findings to a certain extent.

METHODS

Study participants and ethics statement

Our study enrolled 15 SARS-CoV-2 PCR-positive participants,
seven of whom were hospitalised acute patients and eight
of whom were sampled at the convalescent phase 38–
188 days post-symptom onset (Supplementary table 1). We
included 27 pre-pandemic individuals as healthy non-
exposed controls. Experiments conformed to the
Declaration of Helsinki Principles and the Australian
National Health and Medical Research Council Code of
Practice. Written informed consents were obtained from all
blood donors prior to the study. The study was approved by
the University of Melbourne (#2056761, #1955465,
#1442952, #1443389), the Alfred Hospital (#280/14) and
James Cook University (H7886) Human Research Ethics
Committees.

Commercial enzyme-linked immunosorbent
assays (ELISAs)

ELISA testing was performed according to manufacturers’
‘Instructions For Use’ (IFU), with results reported semi-
quantitatively as either a signal/cut-off ratio (for
Euroimmun and Wantai assays) or percentage inhibition
(for surrogate virus neutralisation assay).

Euroimmun anti-SARS-CoV-2 S IgG, S IgA and N IgG
(Euroimmun Medizinische Labordiagnostika, Lubeck,
Germany); indirect ELISAs for detection of IgG or IgA
against SARS-CoV-2 antigens. Microtitre plate wells were
coated with either (1) S1-domain or (2) modified N protein.
SARS-CoV-2-binding antibodies were detected using
enzyme-labelled anti-human-IgG or anti-human-IgA
conjugates and a colourimetric substrate. The results were
read spectrophotometrically.

Wantai IgM (Beijing Wantai Biological Pharmacy
Enterprise, Beijing China); Wantai SARS-CoV-2 IgM is a
capture ELISA for detection of IgM-class antibodies to SARS-
CoV-2 virus. Anti-µ chain antibodies on the microtitre plate
captured any patient IgM-class antibodies, and detection
was achieved by recombinant SARS-CoV-2-antigen-
horseradish peroxidase (HRP) conjugate followed by a
colourimetric substrate. The results were read
spectrophotometrically.

SARS-CoV-2 surrogate virus neutralisation
test (sVNT)

Manufactured by GenScript (NJ, USA), the sVNT is a
blocking ELISA which mimics the virus neutralisation
process, detecting circulating neutralising SARS-CoV-2
antibodies that block the interaction between RBD and
ACE2 on the cell surface receptor of the host. The test is
species and isotype independent. HRP-conjugated
recombinant SARS-CoV-2 RBD fragment bound to any
circulating neutralising antibodies to RBD preventing

capture by the human ACE2 protein in the well, which was
subsequently removed in the following wash step.
Substrate reaction incubation time was determined by
temperature. The IFU reported that the ideal reaction
temperature and time were 25°C for 15 min but that for
temperatures lower than 25°C, the time could be extended.
Since our control values did not meet the assay validity
criteria at 15 min, but fell within the acceptable ranges at
20 min, we used, a 20-min substrate incubation time and
results were read spectrophotometrically. Colour intensity
was inversely dependent on the titre of anti-SARS-CoV-2
neutralising antibodies.

RBD and Spike protein in-house enzyme-
linked immunosorbent assays (ELISAs)

RBD- and S-specific ELISAs for detection of IgM, IgG and
IgA antibodies were performed as described,6,11,41 with
some modifications: Nunc MaxiSorp flat bottom 96-well
plates (Thermo Fisher Scientific, Carlsbad, CA, USA) were
used for antigen coating, blocking with PBS (containing w/
v 1% BSA) and serial dilutions performed in PBS
(containing v/v 0.05% Tween and w/v 0.5% BSA). For
detection of IgG and IgA, peroxidase-conjugated goat
anti-human IgG (Fcc fragment specific; Jackson
ImmunoResearch, West Grove, PA, USA) or alkaline
phosphate-conjugated rat anti-human IgA (mAb MT20;
MabTech, Stockholm, Sweden) was used and developed
with TMB (Sigma-Aldrich, St Louis, MO, USA) substrate for
IgG or pNPP (Sigma-Aldrich) for IgA. For IgM, biotinylated
mAb MT22 and peroxidase-conjugated streptavidin (Pierce;
Thermo Fisher Scientific) was used in conjunction with
TMB. Peroxidase reactions were stopped using 1 M H3PO4

and plates read on a Multiskan plate reader (Labsystems,
Vantaa, Finland). Inter- and intra-experimental
measurements were normalised using a positive control
plasma from a COVID-19 patient (#1-073) run on each
plate. End-point titres were determined by interpolation
from a sigmodial curve fit (all R-squared values > 0.95;
GraphPad Prism 8, San Diego, CA, USA) as the reciprocal
dilution of plasma that produced ≥ 15% (for IgA and IgG)
or ≥ 30% (for IgM) absorbance of the positive control at a
1:31.6 (IgG and IgM) or 1:10 dilution (IgA). Seroconversion
was defined when titres were above the mean titres plus
2 standard deviations of healthy non-COVID-19 donors (24
for RBD and 15 for Spike).

Antibody avidity assay

The avidity of RBD-specific IgG and IgM antibodies in
plasma samples was measured using urea as the chaotropic
agent. Plasma was titrated in half-log dilutions (1:31.6 to
1:1000) onto antigen-coated wells and incubated for 2 h.
Wells were washed and 6 M urea added and incubated for
a further 15 min at room temperature. Bound antibodies
were then detected using the respective secondary
detection reagents as described above in the in-house
ELISAs. The amount (in percentage) of antibody remaining
was determined by comparing the total area of the
antibody titration curve (across 4 dilutions) in the presence
and absence of urea treatment and is expressed as the
avidity index.
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Microneutralisation assay (MNTs)

Microneutralisation activity of serum samples was previously
described.6 Briefly, SARS-CoV-2 isolate CoV/Australia/VIC01/
20203 was propagated in Vero cells and stored at �80°C.
Sera were heat-inactivated at 56°C for 30 min. Samples
were serially diluted in two-fold dilutions starting at 1:20
and 100 TCID50 of SARS-CoV-2 in MEM/0.5% BSA were
added and incubated at room temperature for 1 h. Residual
virus infectivity in the serum/virus mixtures was assessed in
quadruplicate wells of Vero cells incubated in serum-free
media containing 1 lg mL�1 of TPCK trypsin at 37°C and
5% CO2; viral cytopathic effect was read on day 5. The
neutralising antibody titre was calculated using the Reed–
Muench method, as previously described.12

Coronavirus multiplex

A coronavirus multiplex array was previously described.14

Briefly, SARS-CoV-2 antigens were covalently coupled to
magnetic carboxylated beads using a two-step carbodiimide
reaction. Antigen-coupled beads were pooled and
combined with diluted plasma overnight before washing
and staining with detectors (PE-conjugated anti-human
IgM, IgG, IgA (and their respective subclasses) antibodies or
soluble dimeric FcR or C1q protein followed by streptavidin
PE conjugate). Plates were washed and read by the FlexMap
3D, with the binding of the PE detectors measured to
calculate the median fluorescence intensity (MFI).

ASCs and cTfh1 analysis

Absolute numbers of ASCs and activated cTfh1 cells have
been previously described.6 Briefly, whole blood was freshly
stained with antibody cocktails, RBC lysed then fixed with
1% PFA before acquiring on a LSRII Fortessa (BD
Biosciences, San Jose, CA, USA) and analysed using FlowJo
v10 software (FlowJo, Ashland, OR, USA).
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