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Abstract

Objectives. There is an incomplete understanding of the host
humoral immune response to severe acute respiratory syndrome
(SARS)-coronavirus (CoV)-2, which underlies COVID-19, during
acute infection. Host factors such as age and sex as well as the
kinetics and functionality of antibody responses are important
factors to consider as vaccine development proceeds. The receptor-
binding domain of the CoV spike (RBD-S) protein mediates host
cell binding and infection and is a major target for vaccine design
to elicit neutralising antibodies. Methods. We assessed serum anti-
SARS-CoV-2 RBD-S IgG, IgM and IgA antibodies by a two-step
ELISA and neutralising antibodies in a cross-sectional study of
hospitalised COVID-19 patients of varying disease severities. Anti-
RBD-S IgG levels were also determined in asymptomatic
seropositives. Results. We found equivalent levels of anti-RBD-S
antibodies in male and female patients and no age-related
deficiencies even out to 93 years of age. The anti-RBD-S response
was evident as little as 6 days after onset of symptoms and for at
least 5 weeks after symptom onset. Anti-RBD-S IgG, IgM and IgA
responses were simultaneously induced within 10 days after onset,
with anti-RBD-S IgG sustained over a 5-week period. Anti-RBD-S
antibodies strongly correlated with neutralising activity. Lastly,
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anti-RBD-S IgG responses were higher in symptomatic COVID-19
patients during acute infection compared with asymptomatic
seropositive donors. Conclusion. Our results suggest that anti-RBD-
S IgG reflect functional immune responses to SARS-CoV-2, but do
not completely explain age- and sex-related disparities in COVID-
19 fatalities.

Keywords: COVID-19, humoral immune response, isotypes,
neutralising antibody, SARS-CoV-2, spike protein

INTRODUCTION

Human pathogenic coronaviruses (CoV) such as
severe acute respiratory syndrome (SARS)-CoV-1,
Middle East respiratory syndrome (MERS)-CoV and
SARS-CoV-2 (all b-CoVs) have resulted from
zoonoses and utilise cellular receptors to bind and
access host cells for productive infection.1–3 CoV
spike (S) proteins are large (> 200 kDa)
glycosylated trimeric structures that protrude from
viral particles and enable binding of CoV to
cellular receptors. SARS-CoV-2 interacts with
angiotensin-converting enzyme-2 via a flexible
receptor-binding domain (RBD) located on the
distal tip of the S protein.4–7 After binding,
several proteases act upon S, priming it to adopt
large conformational shifts that facilitate entry
into host cells.8 First, the S1 domain (which
contains RBD) is cleaved from the C-terminal S2
domain. For SARS-CoV-2, this process may involve
furin in the host cell membrane due to a novel
furin-recognition site in the S1/S2 region.9–11 The
S2 domain is further processed by other serine
and cysteine proteases such as trypsin, cathepsin
and TMPRSS2 to facilitate viral entry into the host
cell.4,12

Neutralising antibodies to SARS-CoV-1 have
been isolated and were found to target spike
glycoprotein RBD (RBD-S).13 One of these mAbs
CR3022 was also found to bind SARS-CoV-2 RBD-
S.14 At the polyclonal level, the quantity of anti-
RBD S IgG antibodies against SARS-CoV-2
correlates well with neutralising activity.15–18

Cross-neutralisation among SARS viruses by RBD-
S-targeting antibodies can occur.17,19–21

However, sequence homology for RBD-S is low
for non-SARS b-CoVs such as MERS, OC43 and
HKU-1 and for a-CoVs such as NL63 and
229E.16,18 For these reasons, serology for SARS-
CoV-2 RBD-S is being used to help identify
recovered COVID-19 patients as plasma donors
for passive immunotherapy.22

There are several risk factors for COVID-19
mortality but the relationship between two of
these – age and biological sex – with the SARS-
CoV-2 RBD-S response is not completely clear.
Most serology studies have been done in the
setting of severe COVID-19 disease and, save for
one,18 without the benefit of detailed kinetics.
Vermont in contrast to most of the United States
and many nations has had a low number of cases
(under 1700 cases total to date), and here, we
present an examination of RBD-S responses during
acute COVID-19 and during asymptomatic
exposure in a setting of a low force of infection.

RESULTS

We chose a two-step ELISA-based RBD-S-focused
approach to serology in our study population.
Reagents and pre-print protocols were available
in mid-March 2020, which indicated that RBD-S
screening and full-S confirmation could identify
specific and functional antibodies and be quickly
operationalised. Using the established protocol,23

we confirmed the expected protein size of
mammalian-expressed RBD-S (Figure 1a) and
trimerised spike (Figure 1b) produced from DNA
plasmids (gift from Florian Krammer, Mt Sinai
School of Medicine). RBD-S antibodies were
specific and correlated with neutralisation,15

findings that have been validated using similar
RBD-S-focused assays.16,18 We confirmed RBD-S
and S protein conformation by binding of CR3022
human IgG1 (Figure 1c and d). CR3022 was
isolated as a SARS-S1 domain-binding single chain
antibody fragment by phage display and is
neutralising as an IgG1.13 CR3022 binds adjacent
to RBD-S in trimeric S of SARS-CoV-2 in a
glycosylation-sensitive manner.14 Mammalian
expression of appropriate size proteins and
recognition by CR3022 together confirm that our
protein preparations exhibited the expected
characteristics.
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We first piloted our antigen preps for the RBD-S
IgG screening assay using serum samples from a
PCR-confirmed severe COVID-19 patient (defined
as admission to the intensive care unit, ICU) who
was admitted to the hospital 10 days following
symptom onset and based on an early report
suggesting that SARS-CoV-2 could trigger
antibody responses in this timeframe.24 We
compared IgG reactivity in this sample to
decreasing amounts of our RBD-S antigen
preparations against a fixed, recommended
amount of commercially produced RBD-S protein
derived from the protocol we used.23 We found
that a wide range of locally produced RBD-S
antigen yielded IgG reactivity equivalent to
100 ng of commercial antigen in an acute serum
sample from this COVID-19-positive patient, but
not in healthy pre-COVID-19 pandemic serum or
in the absence of serum (Figure 1e). Using the
standard 100 ng amount of RBD-S hereafter, we
found that RBD-S-binding IgM and IgG were
present at 10–13 days after symptom onset. We
did not detect any RBD-S binding in healthy pre-
pandemic sera (Figure 1f) in agreement with
previous results.15 There was negligible day-to-day
assay variability (Supplementary figure 1). Due to
different secondary antibodies for IgM and IgG
detection, we cannot conclude whether absolute
levels of RBD-S IgG were higher than RBD-S IgM.
A range of anti-spike IgG titres was evident in
different COVID-19 patients, but not in healthy
pre-COVID-19 pandemic samples (Figure 1g).

For a cross-sectional COVID-19 serological
survey, we collected serum samples from 32
patients that tested COVID-19 positive by
nasopharyngeal swab RT-qPCR testing. All
patients had been admitted to the hospital, and
13/32 (40%) were admitted to the ICU. Twenty-
five patients were subsequently discharged and
seven died. One to five serum samples were
collected from each patient with the first sample
being taken within approximately 9 days after
diagnosis, in which diagnosis occurred about
5 days after symptom onset (Table 1). There was a
53%:47% male: female distribution, and patients
were on average 68 � 14 years of age (range
30�93 years; Table 1).

A male bias in COVID-19 mortality was reported
early during the pandemic25–27 and has been
confirmed worldwide in a recent meta-analysis.28

One of the hypotheses to explain this is
differences in adaptive immunity between males
and females. Although the mean serum RBD-S IgG

reactivity level appeared higher in male samples
(O.D. = 1.8, n = 17) than in female samples
(O.D. = 1.0, n = 15), this difference was not
significant and the same maximum reactivity
values were found in males and females
(Figure 2a). Similarly, anti-spike IgG endpoint
titres trended higher in male patients compared
to female patients, but this difference was not
significant (Figure 2b).

Although not absolute, it appears that
irrespective of comorbidities, there is a higher risk
of COVID-19 mortality and morbidity in older
individuals (60 years of age and over).29–31 We
therefore assessed RBD-S IgG antibodies by age.
There was a broad range of RBD-S IgG and anti-
spike IgG endpoint titre responses that did not
differ as a function of age as assessed by
correlation analysis (R2 < 0.01, Figure 2c and d).
Notably, one of the highest anti-RBD-S/spike IgG
responses was from a 93-year-old patient. A serum
sample from a 30-year-old COVID-19 patient was
negative for RBD-S IgG, but this sample was taken
just 3 days after symptom onset, which may be
too early for induction of robust IgG responses.
Taken together, we did not find evidence of
biological sex- or age-related deficiencies in RBD-S
IgG responses in COVID-19 patients.

To further validate our approach, we confirmed
each sample (whether RBD-positive or not) with
an endpoint titration for reactivity against the full
spike ectodomain trimer.15 Samples that were
RBD-S-negative were also low for spike titre
(Figures 2e). Furthermore, we found a very strong
correlation between RBD-S and spike IgG levels
(Figure 2e). We also tested for neutralising
antibodies against SARS-CoV-2 with a focus
microneutralisation assay (Supplementary figure
2). We observed a strong correlation between
RDB-S IgG and microneutralisation titres
(Figure 2f), confirming the utility of a two-step
RBD-S serology approach for estimation of
functional neutralising antibodies in agreement
with other studies.15,16,18 We next assessed the
kinetics of the anti-spike RBD-S response in
confirmed COVID-19 infection. RBD-S-reactive
serum IgG was detected in five of 12 (42%)
samples that were taken within 10 days of
symptom onset (Figure 2g). After day 10 of
symptoms, > 98% of samples were positive for
RBD IgG (Figure 2g). Anti-spike IgG paralleled the
kinetics of the anti-RBD-S response and correlated
with days of onset (Figure 2h). We found a
weaker, although still significant positive
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Figure 1. Validation of SARS-CoV-2 RBD-S and spike antigens in COVID-19 samples. Reducing SDS-PAGE analysis of (a) RBD-S and (b) trimeric

spike purified from transiently transfected mammalian HEK293 cells. (c) Binding of CR3022 IgG1 mAb to SARS-CoV-2 RBD-S and (d) trimerised

spike. The anti-dengue virus 1M7 IgG1 mAb42 was used as a control. (e) Detection of serum IgG from a COVID-19 patient (left), but not from

pre-2020 serum (centre) or no serum control (right). (f) Detection of IgM and IgG to RBD-S in serial time the course serum samples from a

COVID-19 patient and not in pre-COVID-19 pandemic healthy volunteer sera (HV1,HV2). All sera diluted 1:50, and for the COVID-19 patient

(CD×‐881.0001), day after symptoms onset is shown on the x-axis. (g) Anti-spike IgG reactivity by ELISA for pre-COVID-19 pandemic sera

(n = 6), the anti-SARS-CoV-1/2 mAb CR3022, and COVID-19 samples of varying titres (indicated in parentheses).
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correlation of SARS-CoV-2 neutralising antibodies
and days post-onset, with the majority strong
responses occurring at least 10 days after
symptoms onset (Figure 2i).

In the patient-specific RBD IgG data
(Supplementary figure 3a), we found several
patterns: initial seroconversion (e.g. patients 0003,
and 0017), rapid increases (e.g. patients 0005,
0006, 0009, 0011, 0020, occurring between days
10 and 20), and plateaued responses (e.g. patients
0012 and 0021, occurring mainly after day 20).
These responses were concordant with temporal
patient-specific S IgG titres (Supplementary figure
3b). Anti-S titres in patients with a negative RBD-S
test were generally low and in RBD-positive
samples, followed the same trends as RBD
reactivity, providing further confirmation of
robust serological responses to SARS-CoV-2 during
acute COVID-19. At the patient level, neutralising
activity was observed after as few as 5 days after
symptom onset and throughout the study period
and was predominantly found in those samples
with positive RBD-S IgG (Supplementary figure 4).

To assess antibody isotype dynamics during
acute SARS-CoV-2, we followed RBD-S and full
spike-specific IgM and IgA levels in the same
samples for which RBD-S and spike IgG were
determined. At the patient level, we found robust
co-occurrence of IgM, IgG and IgA antibodies
reactive to RBD-S in most samples, particularly in
post-day 10 samples (Supplementary figure 5).
Pooling all the data revealed that all pre-day 10
RBD-S responses for all isotypes were low. At
about day 10, IgM targeting RBD-S as well as the
switched isotypes IgG and IgA simultaneously
rose. While RBD-reactive IgM and IgA responses
tapered after 3 weeks post-onset (although they
remained higher than baseline), those for IgG
continued to rise to a plateau that was sustained
up to 5 weeks after symptoms onset (the most
protracted timepoint measured, Figure 3a). Similar
patterns were obtained for full spike-reactive
antibodies (Figure 3b). These results showed
during acute infection COVID-19 patients undergo
rapid seroconversion across isotypes to SARS-CoV-
2. Neither anti-RBD-S IgM nor IgA responses were

different by sex (P = 0.78 for IgM and P = 0.08 for
IgA; Supplementary figure 6a and b).

Lastly, we assessed anti-RBD-IgG responses by
clinical severity. All the patients in this study were
hospitalised, and 40% of were admitted to the
intensive care unit. When we stratified by ICU
admission and compared RBS-S IgG levels, we
found a trend towards higher levels in those
requiring ICU-level care (P = 0.09; Figure 4a).
Additionally, we observed a significant association
between RBD-S IgG and duration of ICU admission
(Figure 4b). Anti-RBD-IgM, but not IgA, responses
were higher in ICU patients compared to non-ICU
patients (Supplementary figure 6c and d). Lastly,
seven of 32 (22%) patients succumbed to COVID-
19. While a significant difference in the median
RBD-S IgG was not observed between survivors
and decedents, a smaller range trending towards
higher RBD-S reactivity was observed in those
patients that died (Figure 4c). To further test the
relationship of anti-RBD antibodies to clinical
disease severity, we compared levels in
symptomatic patients with 17 seropositive
asymptomatic subjects. RBD-S IgG levels
(Figure 4d) and anti-spike IgG titres (Figure 4e)
were significantly higher in symptomatic
patients compared to asymptomatic convalescent
donors.

DISCUSSION

Here, we comprehensively surveyed SARS-CoV-2
spike RBD antibodies in confirmed COVID-19
patients in the context of risk factors for COVID-
19, clinical severity, and relation to immune
responses in asymptomatic donors. Neither RBD-S
nor S antibodies were significantly different as a
function of biological sex in symptomatic COVID-
19 patients. Anti-RBD-S and spike IgG responses
were induced across six decades of age with
robust responses found in several samples from
patients ≥ 80 years old.

Our results suggest a paucity of anti-SARS-CoV-2
anti-spike responses across serotypes in very early
blood samples taken prior to day 10 after
symptoms onset in agreement with others.18,24,32

Table 1. Hospitalised COVID-19 patient characteristics

COVID-19 subjects Male/female AGE � SD [Range] Days from symptoms to Dx Days between Dx and 1st serum

Swab PCR+ (n = 32) 17/15 68 � 14 [30–93] 5.4 � 4.7 [0–14] 8.6 � 7.5 [0–35]
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Figure 2. IgG responses to SARS-CoV-2 RBD-S and spike. (a) Comparison of RBD-S IgG reactivity (OD 405 nm) or (b) anti-spike IgG endpoint

titres levels in male (n = 17) or female (n = 15) patients. Some patients had multiple samples that were averaged for this analysis. Boxplots show

the 25–75th percentiles, with median as horizontal line and whiskers as 95% confidence level with subjects as symbols and groups were analysed

by Mann–Whitney U-tests. All patient samples were plotted individually. (c) Anti-RBD-S IgG and (d) anti-spike IgG are expressed as a function of

age with all individual samples from a patient plotted (n = 77 total). (e) Anti-RBD-S IgG reactivity is plotted against anti-spike IgG endpoint titres.

(f) SARS-CoV-2 microneutralisation titres [50% focus reduction neutralisation titres (FRNT50)] are plotted against RBD-S IgG reactivity (n = 77). (g)

RBD-S IgG reactivity, (h) anti-spike IgG endpoint titres, and (i) SARS-CoV-2 neutralising antibody titres are plotted against days after symptoms

onset. (Cut-off values for each assay are shown by dashed lines. Spearman’s Rho coefficient (R2), 95% confidence interval (shading), and P-values

are shown for panels c–i).
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Figure 3. Antibody isotype usage during the response to SARS-CoV-2 RBD-S and spike. (a) RBD-S IgM, IgG and IgA in serum (diluted 1:50) were

determined by ELISA and plotted against days post-onset of symptoms (n = 77 samples). LOESS-smoothed lines and 95% confidence intervals are

shown for each isotype. (b) Spike-reactive IgM, IgG and IgA in serum (diluted 1:100) were determined by ELISA and plotted against days post-

onset of symptoms. LOESS-smoothed lines and 95% confidence intervals are shown for each isotype.

Figure 4. SARS-CoV-2 RBD-S IgG responses during hospitalisation. (a) RBD-S IgG in patients that were hospitalised in the ICU or not. (b) For

ICU-hospitalised patients, all RBD-S IgG values are presented as a function of ICU admission days. Spearman’s Rho coefficient (R2), 95%

confidence interval, and P-value are shown. (c) RBD-S IgG in patients that were deceased (n = 16 samples from seven patients) or discharged

(n = 61 samples from 25 patients). (d) RBD-S IgG reactivity and (e) anti-S IgG titres in symptomatic COVID-19 patients (n = 77 samples) versus

convalescent seropositive COVID-19-exposed volunteers (n = 17). Boxplots in a, c–e show the median, 95% confidence level and all individual

samples. The Student’s t-test P-value is shown.
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We also assessed anti-spike RBD responses as a
function of level of hospital care and disease
severity and found that duration of ICU-level care
was associated with higher responses, possibly
due to an extended period of SARS-CoV-2
replication during severe disease. Interestingly,
anti-RBD-S IgM responses were higher in ICU
patients compared to non-ICU patients, which
could suggest a delay in class-switching in some
patients, although we have not examined this at
the B-cell level. However, anti-SARS-CoV-2 spike
responses can also be found after mild COVID-
19.33,34 There are several limitations of our study.
Our study population of COVID-19 patients
admitted to hospital was relatively small. The
reason for this is that Vermont has to date
(September 11, 2020) had the lowest transmission
rate (< 300 cases per 100 000 residents) in the
United States and compared to many nations.
This, in turn, however allowed for serological
analysis in the absence of a high force of
infection which could confound accurate
diagnoses. It is possible that day of sampling
(which was random and taken as available with
no pre-selection) could be a potential confounder
for the age and sex analyses. Another limitation is
that we did not continuously monitor viral load in
these patients during hospitalisations. Thus, we
infer that the correlation between RBD-S IgG
levels and length of ICU stay could reflect
ongoing viral replication during more severe
disease. This was supported by the lower anti-
spike levels in asymptomatic subjects taken within
2 months of our acute patients, where substantial
antibody decay is not yet evident.35

Wang et al.36 found lower neutralising antibodies
in inpatients than in convalescent volunteers. Our
data differ on this point through multiple lines of
evidence. Anti-RBD-S levels trended higher in ICU-
hospitalised subjects than in non-ICU patients, and
in deceased than in discharged patients. In our
study, the length of ICU stay correlated positively
with RBD-S IgG, and symptomatic patients exhibited
substantially higher anti-RBD-S responses than
contemporaneous non-hospitalised COVID-19
seropositive volunteers. It is possible that differences
in methodology or community force of infection
underlie these discrepant results. We performed our
measurements in three independent tests: screening
with RBD-S, then confirmation with full-length
spike, and finally assessment of functionality with
direct neutralisation assays that correlate strongly
with RBD-S reactivity. Regarding age, Wang et al.

also found higher neutralising antibody responses in
patients > 30 years of age than in those 16–30, but
not among those > 30 years of age. We did not
have any subjects < 30 years of age in our cohort. In
agreement with Wang et al., we found no clear
correlation between RBD-S IgG levels and age.
Regarding possible sex differences in COVID-19
immune responses, our results are consistent with
Zeng et al. who found no difference with male and
female COVID-19 patients.37

We did not directly assess whether the RBD-
specific antibodies we studied were neutralising at
the clonal level. We did observe a strong
association with polyclonal RBD-S IgG responses
and SARS-CoV-2 neutralising activity. This is in
agreement with other reports which confirm that
RBD-S IgG levels correlate with neutralising activity
and that the RBD of SARS-CoV-2 is a potent
target for neutralising antibodies.16–18,20,21,38 All
RBD-S-positive samples were also spike-reactive,
reinforcing the utility of this two-step approach.
There was a low level of spike reactivity in RBD-
negative samples could indicate a baseline cross-
reactivity against other human coronaviruses.39 S
cross-reactivity would presumably occur in regions
outside the RBD given the low conservation of
SARS-CoV-2 RBD compared to other human CoVs
with the exception of SARS-CoV-1.16

Lastly, we found robust induction of IgM, IgG
and IgA responses in a contemporaneous fashion
within 10 days after onset of symptoms. Indeed, a
recent report at the cellular level showed isotype-
switching and the appearance of near-germline
SARS-CoV-2 neutralising antibodies early after
infection, suggesting that neutralising antibodies
may not require extensive diversification.40 It will
be important to determine whether anti-RBD IgA
or even IgM antibodies contribute to blocking
activity. In sum, natural SARS-CoV-2 infection
induces a robust RBD-S antibody response equally
in men and women irrespective of age and may
reflect viral burden and acute COVID-19 disease
severity.

METHODS

Patient samples

Symptomatic COVID-19 patients

Patients were admitted to the University of Vermont
Medical Center (UVMMC), situated in a low-density (26–
112 persons km�2) catchment area with a COVID-19
diagnosis from a PCR-positive swab testing performed
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within a CLIA-certified clinical laboratory. University of
Vermont Institutional Review Board approval was granted
under registration STUDY00881. Samples and patient data
were obtained under Exemption 4, Waiver of Consent and
UVM/UVMMC HIPAA Authorization under 46.116(f)(1)(3),
46.164.512(i)(1)(2). Patient IDs are coded here as ‘CDDx.001-
032’. Deidentified patient (age, sex) and clinical data
(COVID-19 diagnosis, dates of symptom onset,
hospitalisation, intensive care unit admission) were
obtained from the electronic health record. To identify
asymptomatic COVID-19-exposed seropositives, we
conducted two serosurveys. First, we surveyed anti-SARS2
RBD-S binding IgG in healthy UVMMC Intensive Care Unit
staff between April and May 2020 (University of Vermont
Institutional Review Board approval granted under
registration STUDY00881). Seven of 174 (4.0%) of HCW
were seropositive as described below. All HCW were
defined as asymptomatic for COVID-19 based on negative
responses to an enrolment questionnaire to experiencing
fever, cough, shortness of breath, or diarrhoea and a
temperature < 100.4°F at the time of blood draw and in
accordance with UVMMC policies. Second, we tested 454
healthy adults between 25 and 28 June 2020 in the
Chittenden county catchment area for both presence of
SARS-CoV-2 viraemia by PCR and for anti-RBD-S antibodies.
None reported as having COVID-19 symptoms (as above) at
the time of blood draw. One subject was positive for PCR at
the time of testing, but negative for serology. Ten were
seropositive (2.2%), including all five subjects who
previously (since March) had positive COVID-19 testing or
COVID-19 symptoms per their primary care provider.
University of Vermont Institutional Review Board approval
for the population serology study was granted under
registration STUDY00914.

RBD-S and spike antigen preparations

pCAGGS plasmids containing hexahistidine-tagged SARS-
CoV-2 spike glycoprotein RBD (RBD-S) and trimerised SARS-
CoV-215,23 were obtained as Whatman spots from Florian
Krammer (Mt. Sinai School of Medicine) and transformed
into Escherichia coli to make plasmid stocks. We sequence
verified these using pcaggs-F (50-GTTCGGCTTCTGGCGTGT-30)
and pcaggs-R (50-TATGTCCTTCCGAGTGAGAG-30). Plasmids
were then transfected into Expi293F cells (Thermo Fisher,
Bedford, MA, USA, Cat. #A14527), and protein was purified
by Ni-NTA agarose resin (Qiagen, Germantown, MD, USA,
Cat. #30230) as described.23 Protein was quantified using
bovine serum albumin as a standard (Sigma-Aldrich, St.
Louis, MO, USA, Cat. #A4505, Cohn Faction V) and Bradford
reagent (Bio-Rad, Hercules, CA, USA, Cat. #5000006).
Protein was run on denaturing 4–20% recast protein gels
(Bio-Rad, Cat. #4561094) and visualised by Coomassie blue
staining with a 10–190 kDa protein ladder (Thermo Fisher–
Invitrogen Cat. #10748-010).

Spike Glycoprotein RBD from SARS-CoV-2, Wuhan-Hu-1,
was also used as a positive control during assay set up, and
this reagent was produced in HEK293T cells under
HHSN272201400008C and obtained through BEI Resources
(NIAID, Bethesda, MD, USA): Spike Glycoprotein RBD from
SARS-Related Coronavirus 2, Wuhan-Hu-1, Recombinant
form Cat. #NR-52306.

Preparation of CR3022 monoclonal antibody

CR3022 is a SARS-CoV S-specific antibody originally isolated
by single chain variable region phage display and then
cloned as an IgG1/kappa monoclonal human IgG1/j.13 We
received CR3022 heavy chain (HC) and light chain (LC)
cloned into pFUSEss-CHIg-hG1 and pFUSE2ss-CLIg-hK,
respectively (Invivogen, San Diego, CA, USA) from Florian
Krammer spotted on filter paper. We resuspended spots in
100 µL TE and transformed 20 µL E. coli (NEB C2987H) with
1 µL followed by growth in the presence of Zeocin
(25 µg mL�1, Invivogen, for CR3022-HC) and blasticidin
(100 µg mL�1, Invivogen for CR3022 LC). Midi-preps were
then sequenced confirmed CR3022HC (Genbank DQ168569)
and LC (Genbank DQ168570) with primer HTLV-50UTR
(forward) 50-GCTTGCTCAACTCTACGTC-30 and CR3022-HC in
the reverse direction by primer Fc (reverse):
50CTCACGTCCACCACCACGCA-30. Recombinant CR3022 was
expressed in 293A cells (Invitrogen) by polyethylenimine
(Polysciences Inc., Warrington, PA, USA, Cat. #24765)
transfection of 9 µg each of CR3022-HC and LC, culture for
7 days, and protein A agarose bead purification as
described.41 IgG was quantified by sandwich ELISA with
anti-human IgG (Jackson Immunoresearch, Bar Harbor, ME,
USA, Cat. #109-005-008) as capture and horseradish
peroxidase-conjugated anti-human IgG (Jackson
Immunoresearch, Cat. #109-005-008) as detection Ab with
known human serum as a standard.

Clinical RBD-S and S IgG ELISA testing

For IgG against RBD-S from SARS-CoV-2, we followed
Stadlbauer et al.23 and the Emergency Use Authorization
granted to MSSM by the Food and Drug Administration on
4/15/2020 (https://www.fda.gov/media/137029/download).
Briefly, for RBD-S IgG levels 96-well plates were coated with
100 ng per well of purified RBD-S and then blocked with
3% milk in phosphate-buffered saline (PBS) containing
0.1% Tween-20 (T). Heat-inactivated (56°C for 1 h) serum
samples were diluted 1:5 in PBS, and 20 µL of this was
added to 180 µL of dilution buffer (PBS-T + 1% milk) in
each well for 1:50 final dilution of sample. One hundred
microliter of sample is then added to each well, and after
1 hr incubation at room temperature and washing with
PBS-T using a Biotek ELx-405 Select CW (Biotek, Winooski,
VT, USA), IgG was detected with alkaline phosphatase-
conjugated cross-adsorbed anti-human IgG (Sigma-Aldrich,
Cat. #SAB3701277, diluted 1:2500 in blocking buffer),
washing, and addition of p-nitrophenylphosphate (Sigma-
Aldrich, Cat. #N2770) substrate. The colorimetric reaction
(optical density at 405 nm) was detected with a Cytation 3
(Biotek). Two negative control samples of pre-COVID-19
pandemic (i.e. collected before 2019) serum were used on
each plate, and the average + three standard deviations
above the mean were used as the assay cut-off for
positivity.

To determine anti-spike titres, heat-inactivated serum
samples were diluted 1:5 in PBS, and then, 20 µL was added
to 180 µL of dilution buffer in the starting well (for a final
1:100 starting dilution) and then serially diluted 1:3 to an
endpoint dilution of 1:218 700 as needed. IgG detection
was performed as described above with 100 µL of 1:100
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sample. Endpoint titre was defined to be the last dilution
at which the signal was above the cut-off (defined as was
done for RBD-S above). Six pre-COVID-19 pandemic
negative control samples did not exhibit reactivity above a
no serum control.

Testing for RBD-S and S IgM and IgA in
clinical samples by ELISA

Samples were handled as above for IgG except that the
detection steps used alkaline phosphatase-conjugated anti-
human IgM (Sigma-Aldrich, Cat. #A3437, diluted 1:1000 in
blocking buffer) or IgA (Sigma-Aldrich, Cat. #A3400, diluted
1:1000 in blocking buffer).

SARS-CoV-2 microneutralisation assay

All experiments featuring infectious SARS-CoV-2 were
conducted at the UVM BSL-3 facility under an approved
Institutional Biosafety protocol. SARS-CoV-2 strain 2019-
nCoV/USA_USA-WA1/2020 (WA1) was generously provided
by Kenneth Plante and the World Reference Center for
Emerging Viruses and Arboviruses at the University of Texas
Medical Branch and propagated in African green monkey
kidney cells (Vero E6) that were kindly provided by J.L
Whitton. Vero E6 cells were maintained in complete
Dulbecco’s Modified Eagle Medium (cDMEM; Thermo
Fisher, Cat. #11965–092) containing 10% foetal bovine
serum (16140–071), 1% HEPES Buffer Solution (15630–130),
and 1% penicillin–streptomycin (Thermo Fisher, Cat.
#15140–122). Cells were grown in a humidified incubator at
37�C with 5% CO2. To assess the neutralisation capacity of
patient sera against authentic SARS-CoV-2, we conducted a
focus reduction neutralisation test (FRNT). Each serum
sample was heat inactivated via incubation at 56°C for 1 h.
Samples were then diluted serially in 25 µL of cDMEM,
mixed with an equal volume of cDMEM containing 175
focus forming units of SARS-CoV-2, and then incubated for
60 min at 37°C. Each serum sample was tested for
neutralisation at an initial dilution of 1:50 and then serially
at 1:2 dilutions until reaching an endpoint of 1:3200. The
media from confluent Vero E6 cell monolayers in 96-well
white polystyrene microplates (Thermo Fisher, Cat. #07-200-
628) were removed, and 50 µL of each antibody–virus
mixture was inoculated onto the cells and incubated at
37°C in a 5% CO2 incubator for 60 min, after which the
wells were overlaid with 1.2% methylcellulose in cDMEM
and incubated at 37°C in a 5% CO2 incubator for 24 h.
Infected cells were fixed in 25% formaldehyde in 3 9 PBS.
Cells were permeabilised with 0.1% 100X Triton in 19 PBS
for 15 min and then incubated with a primary, cross-
reactive rabbit anti-SARS-CoV N monoclonal antibody
(Sinobiological, distributed by Thermo Fisher, Cat. #40143-
R001 at a dilution of 1:20 000 followed by a peroxidase-
labelled goat anti-rabbit antibody (SeraCare, Milford, MA,
USA, Cat. #5220-0336) diluted to 1:2000 and then the
peroxidase substrate (SeraCare, Cat. #5510-0030). Images of
the wells were captured using a Zeiss AxioCam MRC Imager.
M1 microscope and viral foci were quantified manually.
Focus counts were normalised to virus only control wells.
FRNT50 determinations were made using a non-linear
regression curve fit [log(inhibitor) versus normalised

response � variable slope] in GraphPad Prism (GraphPad
Software, San Diego, CA, USA).

Graphics and statistical testing

All statistics and graphics were performed using R version
3.6.1 (https://www.r-project.org). Non-parametric LOESS
(LOcal regrESSion) was used for smoothing.
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