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MOTIVATION Monitoring immune response is a crucial component of management and tracking of the
spread of infectious diseases. Current serological testing laboratory assays are limited by the need for
specialized automation, sample types, and cost. Time-resolved Förster energy transfer (TR-FRET) homo-
geneous assays provide an alternative, but their scope and limitations have not been extensively tested
in a large-scale study. To address this, we have developed a suite of TR-FRET-based serological assays
used to detect antigen-specific antibodies as well as total IgG levels, validated them in a large cohort study
(>1,500 samples), and showed that they maintain high reproducibility and repeatability. TR-FRET assays
perform on par or better than alternative laboratory tests that have previously been evaluated on the
same set of samples while reducing the time to result (<1 h) and the costs per sample.
SUMMARY
Serological assays are important diagnostic tools for surveying exposure to the pathogen, monitoring
immune response post vaccination, and managing spread of the infectious agent among the pop-
ulation. Current serological laboratory assays are often limited because they require the use of special-
ized laboratory technology and/or work with a limited number of sample types. Here, we evaluate
an alternative by developing time-resolved Förster resonance energy transfer (TR-FRET) homo-
geneous assays that exhibited exceptional versatility, scalability, and sensitivity and outperformed or
matched currently used strategies in terms of sensitivity, specificity, and precision. We validated the
performance of the assays measuring total immunoglobulin G (IgG) levels; antibodies against severe
acute respiratory syndrome coronavirus (SARS-CoV) or Middle Eastern respiratory syndrome (MERS)-
CoV spike (S) protein; and SARS-CoV-2 S and nucleocapsid (N) proteins and applied it to several large
sample sets and real-world applications. We further established a TR-FRET-based ACE2-S competition
assay to assess the neutralization propensity of the antibodies. Overall, these TR-FRET-based serolog-
ical assays can be rapidly extended to other antigens and are compatible with commonly used plate
readers.
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INTRODUCTION

The ability to quantitatively measure the immune response to

host or pathogen antigens is a crucial diagnostic tool in public

health. The need to rapidly adapt and establish high-throughput

testing centers became especially evident at the onset of the

COVID-19 pandemic caused by the severe acute respiratory

syndrome coronavirus 2 (SARS-CoV-2).1 While nucleic acid-

based tests for the identification of infected individuals were

rapidly and widely implemented,2 these tests can only detect

the virus during a narrow window of acute disease. Robust sero-

logical assays are necessary to identify individuals who have

previously been infected or are asymptomatic and developed

antibodies to SARS-CoV-2.3,4 More broadly speaking, serolog-

ical testing can also help epidemiologists to accurately model

the prevalence of infections by establishing the spread of a virus

within a population. Once the vaccine for a given virus is

available, serological testing can be employed to measure

both disease- and vaccine-acquired immunity across variants

of concerns.5 Furthermore, serological testing is becoming an

integral part of research studies in oncology and hospital

settings.6,7 Therefore, robust, user-friendly, and accurate sero-

logical assays are of critical importance.

The serological assays most widely used to detect viral anti-

bodies, including anti-SARS-CoV-2, are enzyme-linked immuno-

sorbent assays (ELISAs), quantitative suspension array technol-

ogy (qSAT), and flow cytometry-based or commercial solutions

on large diagnostics platforms.3,8–22 However, these platforms

have several critical limitations.23–27 ELISAs suffer from limited

scalability, primarily due to multi-step protocols with extensive

wash steps that lead to the need for specialized equipment and

automation. Other available assays are either not quantitative or

require specialized analytical laboratory platforms that are not

widely available. Homogeneous assay formats, such as split

NanoLuc luciferase28–30 antibody detection systems, present an

attractive alternative but still require large-scale testing.

Recently, time-resolved Förster resonance energy transfer

(TR-FRET) assays, which can be performed in homogeneous

format without wash steps, have been proposed as an alterna-

tive. TR-FRET assays rely on a proximity-driven FRET transfer

between a donor fluorophore (such as terbium [Tb]) and an

acceptor fluorophore (such as BODIPY FL). Early proof-of-

concept studies showed the utility of using TR-FRET assays

for the detection of antibodies inBrucella infection,31 and prelim-

inary studies indicated that they could potentially be useful for

the detection of SARS-CoV-2 antibodies in human serum as

well,32 for the detection of nucleocapsid (N) protein antigen,28

or for assessment of ACE2-spike (S)-receptor-binding domain

(RBD) competition.33 However, large-scale evaluation of the

technology has not been conducted. To broadly evaluate the

technology, we established a large-scale TR-FRET-based test

for the detection of SARS-CoV-2 immunoglobulin G (IgG)-type

antibody levels against S protein or N protein in diverse serolog-

ical samples and compared it with state-of-the-art ELISAs.

In addition, we have also developed a TR-FRET assay for the

detection of total IgG protein levels that performs on par to clin-

ical tests. We have further established SARS-CoV or Middle

Eastern respiratory syndrome (MERS)-CoV S protein IgG anti-
2 Cell Reports Methods 3, 100421, March 27, 2023
body detection assays using commercially available S protein

reagents showing the versatility of the approach. Given that

serological samples frequently include stabilizing agents and

metal chelating agents such as EDTA, which may interfere

with Tb-chelate, we employed CoraFluors, a series of serum-/

plasma-stable luminescent Tb complexes that mitigate these

limitations.34 Through testing diverse sample sets across 1,519

total samples, we demonstrated that the assay performs on

par with commercial and academic tests that have previously

been evaluated on the same sample sets while reducing both

the processing time and the cost per sample. The minimal sam-

ple requirement (<1 mL plasma/serum) also enables more acces-

sible sample collection protocols such as finger prick capillary

instead of blood draws. The removal of wash steps and simpli-

fied sample handling increased reproducibility and repeatability

(coefficient of variation [CV] < 5%), and will enable future imple-

mentation without the need for automated sample handling.

Beyond antibody detection, we further demonstrated that the

TR-FRET testing platform is extensible to new applications by

implementing a rapid surrogate ACE2 neutralization assay.

RESULTS

Development of a TR-FRET assay to detect SARS-CoV-2
antibodies
We developed and validated a homogeneous serological assay

platform for the detection of SARS-CoV-2 antibodies in human

plasma/serum (Figure 1A). The direct detection of a ternary com-

plex between antigen and serum antibodies using a TR-FRET

readout allowed for a simple mix-and-read protocol that lends it-

self to scalable automation (Figures 1B and S1A–S1D). The prox-

imity of the donor (CoraFluor-1) and acceptor (BODIPY FL) fluo-

rophores induced by the presence of serum antibodies resulted

in a positive TR-FRET signal that is read out as a 520 (acceptor)/

490 nm (donor) ratio and allowed for accurate quantification of

serum antibodies in an isotype-specific manner (Figure 1A).

To enable sensitive detection,we optimized assay conditions to

minimize the signal-to-noise ratio. We first established that the

TR-FRET assay format could detect the binding of Ig variants

IgG, IgM, and IgA1 to SARS-CoV-2 antigens (Figure 1C). The

SARS-CoV-2 S protein is responsible for binding to the host

receptor ACE2 to mediate virus entry upon infection35 and most

neutralizing antibodies have been found to target the S protein.36

We therefore used S protein and the RBD of the SARS-CoV-2

S protein (S-RBD) for assay development. S protein and S-RBD,

expressed and purified from Chinese hamster ovarian (CHO)

cells, were labeled with CoraFluor-1 or BODIPY FL (see STAR

Methods). Detection antibodies (aIgG, aIgM, aIgA1) were

commercially obtained and labeled with either CoraFluor-1 or

BODIPY FL. As positive control, we used the recombinantly ex-

pressed SARS-1 IgG antibody CR3022,37 which has been shown

to cross-react with the S-RBDof SARS-CoV-2 (Kd% 9.1± 0.7 nM;

Figure S1E), and IgM and IgA1 antibodies engineered to contain

the CR3022 variable region.38 To identify ideal labeling positions,

titrations of CR3022 (IgG, IgM, IgA1) into a mix of labeled S-RBDs

and labeled detection antibody were performed while varying

the position of donor and acceptor (either on the S-RBD or detec-

tion antibody) (Figures S1F and S1G). While we found that all
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Figure 1. TR-FRET assay setup, flowchart, and validation by CR3022 antibody

(A) Principle of TR-FRET assay. Antibodies recognizing human IgGwere labeled with BODIPY FL. SARS-CoV-2 S proteins were labeled with CoraFluor-1 (Tb) and

were both mixed with serum for isotype-specific antibody detection. The light pulse at 337 nm excites the CoraFluor-1 (Tb)-labeled S protein and emits light at

490 nm, which in turn triggers energy transfer to the BODIPY FL-labeled secondary antibodies found in proximity induced by the analyte generating a TR-FRET

signal detected at 520 nm.

(B) Flowchart of TR-FRET assay. The serum samples are diluted into microtiter plates and added into reaction mixture. Reaction mixture is added beforehand by

an automated dispenser (Multidrop Combi Reagent Dispenser). The diluted serum samples are added into the reaction mixture using a Gryphon (Art Robbins

Instruments) or manually by multi-channel pipetting. Plates are read on a TR-FRET-compatible plate reader (e.g., PHERAstar FSX Microplate Reader).

(C) Titration of CR3022 IgG/IgM/IgA1 into pre-formed mix of Tb-S protein (7.5 nM final) and BODIPY FL-labeled aIgG/aIgM/aIgA (250 nM final).

(D) As in (C) but in the presence of 1:150 dilution of negative serum.

Data of (C) and (D) are represented as means ± SD of two technical replicates (n = 2).

(E) Titration of positive and negative serum in final assay condition 250 nM BODIPY FL-aIgG and 7.5 nM Tb-S. Data are represented as means ± SD of three

technical replicates (n = 3).

(legend continued on next page)
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combinations lead to a functional readout (Figures S1H and

S1I), we observed that donor conjugation to the antigen re-

sults in optimal performance when used with serum samples

(Figures S1K and S1L). We therefore selected labeling the antigen

with CoraFluor-1 and the detection antibody with BODIPY FL, re-

sulting in quantitative binding curves for CR3022 (IgG/IgM/IgA1)

(Figure 1C). The binding curves exhibited a characteristic bell

shape due to the prozone effect,39 whereby analyte levels, in

this case IgG, are high and saturate both S protein and BODIPY

FL-anti-IgG antibody, resulting in binary complexes rather than

a productive ternary complex. These effects can be accurately ac-

counted for by mathematical models.40 We next established that

CR3022 can similarly be detected in human serum (Figure 1D),

and while the signal is reduced, the low background level allows

for accurate quantification. During the optimization of assay con-

ditions, we noticed that replacing the RBD with the full-length

SARS-CoV-2 S protein significantly reduced background, partic-

ularly in the presence of serum. This is likely due to (1) the trimeric

nature of the full-length S protein leading to avidity effects and (2)

the exposure of otherwise shielded RBD surfaces that may cause

unspecific interactions. We therefore continued all further valida-

tion using S protein and subsequently optimized the concentra-

tions of antigen and detection antibody (Figures S2A and S2B).

With optimized concentrations (250 nM BODIPY FL-anti-IgG,

7.5 nM Tb-S), we validated that convalescent serum results in a

dose-dependent response in TR-FRET signal (Figure 1E) as well

as confirmed that the prozone effect is not affecting the readout

at the final serum concentration of 1:150 (v/v) (Figure S1J).

Analytical limit of detection
To assess the limit of detection (LoD) of the TR-FRET assay, we

first performed a titration of control antibody CR3022 IgG in the

presence and absence of negative control serum at 1:150 serum

to buffer dilution (Figure 1F). The prozone effect was clearly

visible at higher concentrations of the antibody, and signal inten-

sity was reduced in the presence of serum. We next selected

the lowest concentrations of CR3022 IgG antibody where the

signal was higher than mean + 3 standard deviations (SDs) and

compared 20 replicates against the 20 replicates of blank control

both in the presence and absence of serum (Figure 1G). Based

on this, the LoD for the TR-FRET assay was determined to be

1.22 ng/mL in the absence of serum and 39 ng/mL in the pres-

ence of serum, which is in the range of common ELISA LoDs.41

Homogeneous TR-FRET assay can detect IgG in patient
serum
To test the detection of antibodies in serum obtained from

positive and negative controls, a set of 48 PCR-tested-positive

(CoV2+) patients from Mass General Hospital (MGH) and

Brigham and Women’s Hospital (BWH) and 28 PCR-tested-

negative (healthy, CoV2�) patients from MGH, as well as 19

pre-pandemic serum samples from Mass General Brigham Bio-

bank (CoV2�) or community volunteers (CoV2�), was assem-
(F) TR-FRET aIgG-S assay. Titration of CR3022 IgG in the presence and absence o

technical replicates (n = 3). The concentration of CR3022 selected for the LoD st

(G) TR-FRET aIgG-S. LoD for TR-FRET assay was assessed by comparing 20 re

absence of negative serum at 1:100 dilution.
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bled (hereafter referred to as 96w_testset) (Table S1). Adapting

established protocols,42 we performed an ELISA using S protein

as reference (Figure S2C). We next profiled the 96w_testset

with our TR-FRET assay at an initial serum dilution of 1:100

to match the exact ELISA concentration (Figure S2D) and

found that when using a 3 SD cutoff away from the healthy

control mean, the TR-FRET achieved comparable sensitivity

and slightly improved specificity compared with the ELISA re-

sults (Figures S2C and S2D). We note that the 96w_testset

was collected during the first weeks of the pandemic and may

contain false negatives and therefore was not used to formally

establish assay performance but rather served for optimization.

We observed a strong correlation between the TR-FRET assay

and ELISAs (Figure S2E). While the discrimination between

CoV2+ and CoV2� was comparable between TR-FRET and

ELISA, we found that the ELISA had a stronger signal compared

with TR-FRET for low responders. This can be explained by the

signal amplification in the ELISA compared with equilibrium

binding of the TR-FRET assay. However, the lower signal was

offset by the low background noise of the TR-FRET, and addi-

tionally, the TR-FRET had a larger dynamic range without the

ceiling of signal at higher antibody concentrations seen with

ELISA (Figure S2E). Nevertheless, we wondered whether the

signal could further be boosted without compromising back-

ground noise by increasing the serum concentration and how

the assay would react to changes in serum dilution. We re-as-

sayed the 96w_testset using dilution factors of 1:150 or 1:50

and observed that increasing the serum concentration improves

signal strength without compromising background noise

(Figures S2F–S2I). Lowering the serum concentration to 1:150

only marginally reduced performance (Figure S2H). When

analyzing this initial 96w_testset, we observed several CoV2+

samples with unexpected low response. In addition to the

above-mentioned limitations of the 96w_testset, we hypothe-

sized that this might be the result of epitope masking since

the TR-FRET assay utilizes covalent labeling of the antigen

with CoraFluor-1. We therefore sought to ensure minimal

epitope masking and optimized the degree of labeling (DOL)

(Figures S3A and S3B). We found that a DOL �3.8 resulted in

no detectable epitopemasking with an optimal signal, and there-

fore a DOL �3.8 was ensured for all further validation experi-

ments. The measured DOL of the BODIPY FL-anti-IgG was 2.7.

TR-FRET assay can accurately detect seroconversion
With optimized conditions and DOLs, we next used the TR-FRET

assay to detect seroconversion in a larger set of samples

from the Mass General Brigham Biobank containing 68 SARS-

CoV-2 PCR-positive samples (CoV2+) and 100 pre-pandemic

healthy controls (healthy, CoV2�) (hereafter referred to as

MGB set; see Table S1) that was again profiled using the estab-

lished ELISA for reference and has also been profiled with

different commercial and academic assays.43 In line with our

previous observations, the SD of the healthy controls was very
f negative serum at 1:100 dilution. Data are represented asmeans ±SD of three

udy is highlighted with a red arrow.

plicates of the CR3022 with 20 replicates of buffer control in the presence and
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Figure 2. Performance of TR-FRET assay: Sensitivity, specificity, and precision

(A) Sensitivity and specificity of ELISA IgG assay performed on a cohort of 68 SARS-CoV-2 PCR-positive samples (CoV2+) and 100 pre-pandemic negative

samples (healthy).

(B) Sensitivity and specificity of TR-FRET aIgG-S performed on the same cohort.

(C) Correlation of TR-FRET IgG with serum dilution 1:150 and ELISA IgG at serum dilution 1:100. Data are represented as means ± SD of two technical replicates

(n = 2).

(D) Comparison between three independent runs performed on different days by three different operators of a TR-FRET aIgG-S assay on a set of positive re-

sponders as well as negative control samples (68 total).

(E) The calculated average repeatability across operators (CV%) and average intermediate precision (calculated across days and operators) corresponding to

data in (D). Data are represented as means ± SD of two technical replicates (n = 2).
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low, and accurate discrimination between CoV2+ and healthy

samples was achieved with 100% specificity and 100% sensi-

tivity using a cutoff based on 3 SDs of the healthy control (Fig-

ure 2A). The results were comparable to the established

ELISA on the same sample set (Figure 2B), and the response

of individual samples between TR-FRET and ELISAs was well

correlated (Pearson correlation coefficient of 0.9) (Figure 2C),

again showing an increased dynamic range for the TR-FRET
assay as opposed to the ELISA. TheMGB set contained samples

from patients of ages between 30 and 70 years for the CoV2+

cohort and between 20 and 70 years in CoV2� group (Fig-

ure S2J). The gender distribution was 35 female and 33 male

samples in the CoV2+ cohort and 30 female and 70 male sam-

ples in the pre-pandemic healthy control group (Figure S2K).

While we noticed that the IgG titers against S antigen were higher

in the younger age group (30s), the significant variability of the
Cell Reports Methods 3, 100421, March 27, 2023 5
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IgG levels indicated diverse responses within the tested popula-

tion (Figure S2L).

Assessing intra- and inter-assay precision for the
TR-FRET assay
Eliminating the need for wash steps and reducing the overall num-

ber of sample handling steps should result in high reproducibility

and repeatability. To assess the intra- and inter-assay precision

of the TR-FRET assay, we selected a set of positive responders

as well as negative control samples (68 total) and performed the

assay with three operators on three different days (Figures 2D

and 2E). The correlation between operators was above 99.6%

with an average repeatability of 4.31% and an overall precision

across days and operators of 5.72%, which well exceeds the

commonly desired range for serological assays.44

TR-FRET assay can rapidly be extended to additional
antigens
Having established a serological assay for the S protein, we set

out to assess whether the TR-FRET setup is compatible with

other antigens. S protein and S-RBD are the most widely used

antigens in serological assays for SARS-CoV-2, but there are

other SARS-CoV-2 proteins that are highly immunogenic,45

such as the abundant N protein, which binds to viral RNA inside

the virion.46,47 We established an N protein TR-FRET IgG detec-

tion assay (hereafter named N TR-FRET) utilizing the same

TR-FRET setup as before, with the donor fluorophore on the

antigen and the acceptor fluorophore on the aIgG antibody.

The N protein was expressed from insect cells and biotinylated,

and CoraFluor-1-streptavidin (Tb-SA) conjugate was used to

label the antigen. To validate the assay setup, we performed

a titration of convalescent CoV2+ serum into biotinylated

N protein, Tb-SA, and BODIPY FL-aIgG. We observed a dose

responsewith strong signal present at a dilution of 1:150, consis-

tent with our S protein TR-FRET (Figure S3C). We next per-

formedNTR-FRET on the 96w_testset, which resulted in a sensi-

tivity of 80% and specificity of 96.6% (Figure S3D).

To further assess performance of the established IgG S and N

TR-FRET assays, we utilized a larger sample set from the

MassCPR consortium with 100 SARS-CoV-2 RT-PCR-positive

samples (CoV2+), as well as 90 pre-pandemic controls from the

Dana-Faber Cancer Institute Bio Bank (heathy), hereafter named

the MassCPR set (Table S1). Using the established mean

(healthy) + 3 SD (healthy) cutoff, the TR-FRET assay performance

was established with 97.1% sensitivity and 97.8% specificity,

respectively, for the S antigen and 95.2% sensitivity and 98.9%

specificity, respectively, for the N antigen (Figures 3A and 3B).

The analogous results using the ELISA resulted in 95.2% sensi-

tivity and 97.8% specificity for the S antigen and 94.3% sensitivity

and 98.9% specificity for the N antigen (Figures S3F and S3G). In

both S and N assays, TR-FRET showed improved sensitivity over

ELISA (97.1% for S TR-FRET, 95.2% for S ELISA, 95.2% for N TR-

FRET, and 94.3% for N ELISA) with identical specificity. As seen

before with the MGB set, we noticed a ‘‘ceiling’’ of signal with

the ELISA readout and an increased dynamic range for the TR-

FRET assay (Figures 3C and 3D). The clinical admission status

of the MassCPR sample cohort indicated that 19 patients were

admitted to the emergency room (ER), 76 were admitted as inpa-
6 Cell Reports Methods 3, 100421, March 27, 2023
tients (IPs), and 5 were admitted as outpatients (OPs). We did not

observe a significant difference in the IgG S antibody titers be-

tween the groups (Figure S3H). The number of days since

the last positive SARS-CoV-2 test was recorded, and within the

14–30 day period, IgG levels varied without significant trends

(Figure S3I), in line with previously reported longitudinal studies

where the S IgG level stabilizes 14 days post infection.48

Comparing the S and N TR-FRET readouts on the MassCPR

and 96w_testset resulted in a Pearson correlation coefficient of

0.37 for the 96w_testset (Figure S3E) and 0.22 for MassCPR (Fig-

ure 3E), indicating that the two assays are partially orthogonal and

likely provide additive information on serological status when

combined, which is in accordance with what has been found in

other studies49 (Figures 3E and S3E). The S protein has high

sequence similarity between SARS-CoV-2, SARS-CoV, and, to

lesser extent, MERS-CoV, which can result in cross-reactivity in

the antibody response.50–52 In analogous fashion to the SARS-

CoV-2 S TR-FRET assay, we have established S-based IgG

detection assays for SARS-CoV and MERS-CoV and tested the

MassCPR set of samples. As expected, we observed cross-reac-

tivity between SARS-CoV-2 and SARS-CoV (Figure 3F) but very

limited cross-reactivity with MERS-CoV (Figure 3G). This, again,

is in line with previous observations using these antigens and

demonstrates that the TR-FRET assay behaves similar to ELISA

and other formats and that cross-reactivity or sensitivity are

largely determined by the choice of antigen.53 Interestingly, we

have identified samples with a high titer of IgG antibodies against

MERS-CoV S in �6% of CoV2+ samples tested.

TR-FRET assay is compatible with diverse sample types
A useful and robust diagnostics platform needs to be rapidly

deployable and capable of being modified to varying needs.

This also often includes a requirement for handling diverse

sampling methods that are determined by access to the tar-

geted cohort. Specifically, self-collection is an important tool

for field studies or sample collection in remote locations, and

we therefore explored the performance of TR-FRET-based

serology using self-collection of whole dried blood samples us-

ing Neotheryx kits in a controlled manner by having paired

serum samples within a short time interval of each other.

Strikingly, we observed that the TR-FRET assay exhibits low

variability of the background signal across both serum and

whole-blood sample types (Neotheryx), while for ELISA mea-

surements, the background significantly increases in variability

for the whole-blood sample (Figure 4). The increased back-

ground noise in the hemolyzed samples led to reduced signal

to noise and Z0 in the ELISA, while the performance of the

TR-FRET assay was not altered (Figure S4). This study demon-

strates how this assay can perform in circumstances where

other research tests fail. In this specific case, the whole dried

blood samples led to a very high background in ELISA-type as-

says, while the TR-FRET readout, as an ‘‘in solution’’ assay, is

unaffected.

Limitation of TR-FRET assay for samples with high IgG
levels
To obtain robust validation of the IgG-S TR-FRET assay, we

have profiled a large cohort of hematologic malignancies
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Figure 3. TR-FRET assay format is compat-

ible with other antigens

(A) Sensitivity and specificity of TR-FRET aIgG-S

protein assay performed on MassCPR set including

90 pre-pandemic negative samples and 100 SARS-

CoV-2-positive samples.

(B) Sensitivity and specificity of TR-FRET aIgG-N

protein assay performed on MassCPR.

(C) Correlation of aIgG-S titer in TR-FRET assay

versus ELISA for MassCPR. Note the ‘‘ceiling’’ of the

signal in ELISA and the high dynamic range of TR-

FRET.

(D) Correlation of IgG titer N protein in TR-FRET

assay versus ELISA for MassCPR.

(E) Correlation of TR-FRET aIgG-S and TR-FRET

aIgG-N assays performed on MassCPR indicates

diverse immune response to different antigens.

(F) Cross-reactivity between S proteins of SARS-

CoV-2 and SARS-CoV measured by TR-FRET IgG

titer on MassCPR.

(G) As in (F) but for S proteins of SARS-CoV-2 and

MERS-CoV.

Data are represented as means ± SD of two tech-

nical replicates (n = 2).
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(multiple myeloma and Waldenstrom macroglobulinemia) pa-

tient samples from the IMPACT study (DFCI IRB #20-332),

which showed reduced serological response to COVID-19 vac-

cines.6 Patients with these B cell cancers frequently exhibit

abnormal total Ig levels. We observed good correlation be-

tween ELISA IgG-S with TR-FRET IgG-S (Figure 5A) for the ma-

jority of samples; however, we noticed that for samples with to-

tal IgG concentrations higher than 2,500 mg/dL, the TR-FRET
Cell Re
IgG-S values were reduced compared

with the ELISA IgG-S (Figures 5B–5D).

We noted that the IMPACT study sample

patients exhibited high IgG concentra-

tions (Figure 5E); therefore, given that

antigen was not immobilized in our TR-

FRET assay format, the BODIPY FL-

labeled secondary IgG antibodies could

bind to all IgG antibodies reducing total

signal, explaining the TR-FRET results un-

der high IgG concentrations condi-

tions. We confirmed that interference

by the non-specific IgG is only observed

at >2,500 mg/dL total IgG. In a typical

healthy cohort, IgG ranges between 400

and 2,170 mg/dL,54 and TR-FRET assay

performance was not affected. To be

able to classify patients with high total

IgG levels, we have developed a rapid

TR-FRET-based total IgG detection assay

(Figures 5F, 5G, and S5A). In this format,

protein G labeled with CoraFluor-1 is the

TR-FRET donor and anti-IgG NanoBody

(CTK0101, Nano-Secondary, ChromoTek)

labeled with AF488 is the TR-FRET

acceptor. We determined that the TR-
FRET total IgG assay with the 1:40,960 dilution of serum

gave the best correlation with ELISA total IgG with R2 of

0.908 (Figures 5H and S5B–S5F).

TR-FRET ACE2-S assay detects neutralizing antibodies
A limitation of antibody detection assays such as ELISA or the

TR-FRET test developed here is that they do not discriminate

antibodies based on their ability to neutralize the virus. The
ports Methods 3, 100421, March 27, 2023 7
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Figure 4. TR-FRET assay accepts multiple sample types

(A) Correlation of ELISA IgG-S response between thematched set of whole dried blood self-collection samples (Neotheryx kit) and serum samples from the same

donors collected within 2 weeks of each other at the Dana-Farber Cancer Institute (DFCI; IRB #20-260).

(B) As in (A) but for TR-FRET IgG-S assay.

(C) Correlation between TR-FRET and ELISA responses in the IgG-S assay on the self-collection samples.

(D) The response of ELISA or TR-FRET assay compared between a set of SARS-CoV-2 negative samples.

(E) The response of ELISA or TR-FRET assay compared between a set of SARS-CoV-2 positive samples.

Data are represented as means ± SD of two technical replicates (n = 2) on a cohort of 140 CoV2+ and 35 CoV2 samples.
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Figure 5. TR-FRET can be applied for total IgG amount testing and validation

(A) Correlation between TR-FRET and ELISA responses in the IgG-S assay on IMPACT study samples.

(B) Correlation between ELISA in the IgG-S assay and total IgG on IMPACT study samples.

(C) Correlation between TR-FRET in the IgG-S assay and total IgG on IMPACT study samples.

(D) Correlation of ELISA and TR-FRET with total IgG with difference total IgG levels. Total IgG <2,500 mg/dL is labeled as blue. Total IgG in the range 2,500–

3,000 mg/dL is labeled as red. Total IgG >2,500 mg/dL is labeled as yellow.

(E) Histogram of total IgG levels in the IMPACT study.

(F) The principle of TR-FRET total IgG assay. Nanobodies recognizing human IgG are labeled with AF488. Immunoglobulin-binding protein G is labeled with Tb

(terbium). The light pulse at 337 nm excites Tb chelate protein G and emits light at 490 nm, which in turn triggers energy transfer to AF488-labeled nanobodies

found in proximity induced by the analyte generating a TR-FRET signal detected at 520 nm.

(G) Titration of positive and negative serum in final assay condition 25 nM Tb-protein G and 25 nM AF488-nanobody. Data are represented as means ± SD of two

technical replicates (n = 2).

(H) Correlation of total IgG measured by TR-FRET and ELISA on a set of 39 samples at 1:40,960 dilutions. Data are presented as n = 1 for ELISA and as two

technical replicates (n = 2) for TR-FRET.
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detection of neutralizing antibodies (nAbs) is commonly con-

ducted using either live SARS-CoV-2 virus assays (requiring

BSL3 labs) or pseudotype virus assays (requiring BSL2 labs),

which are both limited in throughput and availability.55,56 Since

the dominant neutralizing mechanism for SARS-CoV-2 is to

block binding between the SARS-CoV-2 S protein and the

human ACE2 receptor, we hypothesized that this interaction

can be leveraged to build a surrogate neutralization assay and
that such a test should be similarly rapid, scalable, and easy to

implement (Figure 6A). To test this, we first established that our

TR-FRET readout can accurately detect and quantify binding

between BODIPY FL-labeled S protein (BODIPY FL-S) and

biotinylated recombinant human ACE2 (btn-ACE2) in the

presence of CoraFluor-1-labeled SA (Tb-SA) (Figure S6A). To

establish whether the assay can accurately detect the presence

of nAbs, we next titrated increasing concentrations of four
Cell Reports Methods 3, 100421, March 27, 2023 9
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well-characterized recombinant human and mouse nABs target-

ing the S protein (B38,57 H4,57 SAD-S35 [Acro Biosystems,

Newark, DE, USA], and 40491-MM43 [Sino Biological, Beijing,

China]), the S protein-binding but non-nAb CR3022, and a

non-binding control antibody (see STAR Methods for details) to

btn-ACE2 (at 8 nM), BODIPY FL-S (at 8 nM), and Tb-SA (at

2 nM). In agreement with the literature-reported efficacies, all

four nAbs were able to effectively compete with the ACE2-S

interaction and scored as neutralizing in our assay both in the

presence of buffer (Figure 6B) or serum (Figure 6C). Consistent

with these findings, titration of either negative (pre-pandemic

control) or positive (CoV2+, PCR and IgG positive) patient sera

resulted in a dose-dependent signal only for the CoV+ serum

(Figure 6D, B38 and H4 nAbs included for reference). We also

assessed the robustness of the assay setup, and similar to

the TR-FRET serological assay, the ACE2-S assay tolerated

different labeling strategies such as btn-ACE2 with Tb-SA or

direct labeling of ACE2 with CoraFluor-1 (Tb-ACE2) combined

with various concentrations of BODIPY FL-S (Figures S6B–S6F).

TR-FRET neutralization assay discriminates CoV2+
patient samples
Having established that the TR-FRET ACE2-S assay can accu-

rately detect the ability of recombinant purified antibodies to

compete with the interaction critical for viral infection, as well

as in patient sera, we next sought to determine the performance

of this assay to discriminate CoV2+ patient serum samples from

healthy individuals. Using the 96w_testset and the MassCPR set

(described above), we profiled these samples in the TR-FRET

ACE2-S assay for neutralizing activity (Figures 6, S6, and S7).

While none of the healthy control samples exhibited any detect-

able neutralizing activity, most of the CoV2+ samples had vary-

ing levels of neutralizing activity (Figure 6E). We also assessed

the neutralization status of theMassCPR set in a cellular pseudo-

virus neutralization assay58 (Figure 6F). The response of the TR-

FRET ACE2-S inhibition as measured by the TR-FRET value

(Figure 6G) or area under the curve (AUC) (Figures S7A and

S7B) was correlated with the NT50 values reported by the

cellular neutralization assay. In line with what has been observed

with pseudotype virus assays58 and other surrogate neutraliza-
Figure 6. TR-FRET neutralization assay setup and validation

(A) Principle of TR-FRET neutralization assay. Human ACE2 receptor is labeled wi

mixedwith serum for neutralization antibody detection. After excitation at 337 nm,

FRET ratio is calculated as a 520/490 signal. Neutralizing antibodies present in th

(B) Titration of B38, H4, SAD-S35, 40491-MM43, CR3022, and a negative contro

BODIPY FL-S (8 nM final). Data represented as means ± SD of two technical rep

(C) As in (B) but performed in the presence of serum. Data represented as mean

(D) Titration of positive and negative serum in final assay condition 8 nM btn-ACE2

technical replicates (n = 2).

(E) Sensitivity and specificity of TR-FRET ACE2-S neutralization assay perform

positive samples). Final serum dilution of 1:50 (v/v). Data represented as means

(F) Sensitivity and specificity of reported cellular pseudovirus neutralization assay

CoV-2-positive samples). Reported is the NT50, the concentration at which 50%

response.

(G) Correlation of cellular neutralization NT50 against TR-FRET ACE2-S inhibition

(H) Receiver-operating characteristic (ROC) curve indicating the performance of d

inhibition assays.

All TR-FRET data in (E)–(H) are represented as means ± SD of two technical replic

replicates (n = 4).
tion assays,59,60 we observed a correlation of total S-specific

IgG levels and neutralization activity of either the TR-FRET assay

or the cellular neutralization assay (Figures S6G and S6H). A

similar trend was also observed for the anti-N protein IgG anti-

body titers (Figures S6I and S6J). While the TR-FRET ACE2-S

assay is, in principle, sensitive to neutralization by any serotype

(IgM or IgA), the majority of activities in these samples appeared

to result from IgG levels (Figure S7B). Importantly, we found that

the neutralization assay by itself can successfully discriminate

CoV2+ from healthy individuals in the 96w_testset cohort (Fig-

ure S7C) as well as in the MassCPR set (Figure 6E), consistent

with what has been observed using other neutralization as-

says.58 When receiver-operating characteristic (ROC) analysis

was performed (Figures 6H and S7D), we found that the

ACE2-S assay performed comparable to the TR-FRET and

ELISA serological assays in discriminating CoV2+ patient sam-

ples from healthy control samples (Figures 2A, 2B, 6E, and S7C).

DISCUSSION

We established a homogeneous serological assay platform

based on TR-FRET detection using novel serum/plasma stable

CoraFluor-1 TR-FRET donors, which provide a scalable alterna-

tive to current assay platforms. While assays with signal amplifi-

cation such as ELISA,16,17,61 or digitized detection such as

SIMOA,62 in theory offer superior detection at low levels of ana-

lyte, the TR-FRET assay described here offsets this by exhibiting

low background, allowing for sensitive, accurate detection of

SARS-CoV-2 seroconversion. The lack of signal amplification

biases the assay toward superior specificity due to very stable

background signal and results in robust reproducibility and

repeatability (CV < 5%) along with an extended dynamic range

compared with colorimetric ELISA, which was designed for

high sensitivity. When compared with common commercial as-

says or ELISAs on the same samples,43 the TR-FRET assay per-

formed equivalently or superiorly in discriminating SARS-CoV-2.

As we demonstrate with the use of biotinylated N protein, as

well as with SARS-CoV or MERS-CoV S protein, the TR-FRET

assay setup offers a flexible platform for rapid onboarding of

new antigens of the same pathogen and can also be easily
th CoraFluor-1. SARS-CoV-2 S protein is labeled with BODIPY FL, and both are

emission at 490 (CoraFluor-1) and 520 nm (BODIPY FL) is detected, and the TR-

e serum will competitively bind the S protein and reduce the TR-FRET signal.

l aFLAG into pre-formed mix of btn-ACE2 (8 nM final), Tb-SA (2 nM final), and

licates (n = 2).

s ± SD of three technical replicates (n = 3).

, 2 nM Tb-SA, and 8 nMBODIPY FL-S. Data represented asmeans ± SD of two

ed on MassCPR (90 pre-pandemic negative samples and 100 SARS-CoV-2-

± SD of two technical replicates (n = 2).

performed on MassCPR (90 pre-pandemic negative samples and 100 SARS-

of neutralization is observed as calculated from quadruplicate, 7-point dose

.

etection of IgG levels for S or N using ELISA or TR-FRET and TR-FRET ACE2-S

ates (n = 2). ELISA data in (H) are represented as means ± SD of four technical
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adapted for testing other pathogens or analytes. Similar to the

ELISAs,5 the TR-FRET setup could be expanded to cover new

variants of S or N proteins. We expect that the TR-FRET assay

will be adaptable to find antibodies for other versions of the virus,

such as Delta and Omicron, as it was able to detect antibodies

for S proteins of SARS-CoV, MERS-CoV, and SARS-CoV2.

The flexibility of an ‘‘in solution’’ detection will allow for future ap-

plications such as isotype-specific detection, multiple antigens

in a single mix-and-read reaction, or the detection of specific

epitopes. We demonstrate this flexibility by implementing a sur-

rogate neutralization assay that accurately quantifies the ability

of serum antibodies to interfere with the ACE2-S interaction,

the primary mechanism of SARS-CoV-2 virus neutralization.

These additional applications, as well as future applications,

share the benefits of few sequential steps, enabling simple and

robust scalability and automation.

Importantly, the TR-FRET serological assay performs robustly

on difficult samples such as a cohort of self-collection dry-spot

whole-blood samples. In contrast, the background signal of an

ELISA increased in variability for a healthy patient sample set,

likely affected by hemolysis, while the TR-FRET assay main-

tained high signal to noise, which did not compromise the detec-

tion (Figure S4). We find this result to be of high importance, as it

demonstrates the robustness of the assay across multiple sam-

ple types. Furthermore, the ability to accurately process whole-

blood spots could enable expansion to home-based serological

testing schemes, significantly reducing barriers to obtaining

samples and enabling the testing of individuals who otherwise

would not be able to attend an in-person blood draw.

While our TR-FRET assay platform is versatile and can be easily

adapted to new antigens (S, N, SARS-CoV S, and MERS-CoV S)

and various sample types (serum as well as hemolyzed samples),

our study identified limitations of the setup. When analyzing sam-

ples from a patient cohort with multiple myeloma, a plasma cell

cancer that frequently results in abnormal Ig levels, we discovered

that patients with high total IgG levels >2,500 mg/dL report lower

TR-FRET responses (anti-S IgG) than expected by the ELISA

S-IgG, resulting in the potential for false negatives in the TR-

FRET assay. This effect is likely caused by the fact that the BOD-

IPYFL IgGdetection antibodybinds to all available IgGs and that a

high level of total IgG acts to dilute the specific BODIPY FL signal,

resulting in reduced TR-FRET. To mitigate this issue, we estab-

lished a nanobody-based TR-FRET total IgG detection assay,

which maintains the simplicity of the protocol and can be used

concurrently with the TR-FRET IgG-Smethod to identify problem-

atic samples.

In conclusion, the TR-FRET assay platform fulfills an unmet

need for a serological assay that is scalable and has a very low

implementation barrier. The scalability arises from the lack of

washing steps or sequential manipulations, enabling simple

automation using widely available robotic platforms capable of

a hundred thousand tests a day. The simplicity of the assay

format also makes it easy to implement, and no automated plate

washers or similar liquid handling systems are required, enabling

reproducible results. With widely available plate readers, we

have shown that one operator can perform several hundred tests

a day usingmanual multi-channel pipettes without sacrificing the

accuracy of the results. The TR-FRET-based serological tools
12 Cell Reports Methods 3, 100421, March 27, 2023
have proven, in our hands, to be rapidly adaptable and robust

methods that are now available as part of the pandemic

response toolbox. We anticipate that the technology presented

here and pioneered on samples of SARS-CoV-2 cohorts can

be expanded for utility beyond viral infections, as represented

here by our TR-FRET assay capable of measuring total IgG

levels.

Limitations of the study
The homogeneous TR-FRET assay setup can be limited by high

total IgG concentration. Specifically, while testing the TR-FRET

IgG-S setup on a cohort of myeloma patient samples (exhibiting

high variability of total IgG levels), we noticed that high total IgG

levels of more than 2,500 mg/dL reduce the TR-FRET signal

compared with ELISA, which presents as a standing limitation

for samples with high total IgG levels. To mitigate this issue,

we have established a TR-FRET-based assay to measure total

IgG levels that can be run concurrently with the IgG-S and allows

for flagging of problematic samples.
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12. Özç€ur€umez, M.K., Ambrosch, A., Frey, O., Haselmann, V., Holdenrieder,

S., Kiehntopf, M., Neumaier, M., Walter, M., Wenzel, F., Wölfel, R., et al.

(2020). SARS-CoV-2 antibody testing-questions to be asked. J. Allergy

Clin. Immunol. 146, 35–43. https://doi.org/10.1016/j.jaci.2020.05.020.

13. Theel, E.S., Slev, P., Wheeler, S., Couturier, M.R., Wong, S.J., and Kad-

khoda, K. (2020). The role of antibody testing for SARS-CoV-2: is there

one? J. Clin. Microbiol. 58, 007977-20. https://doi.org/10.1128/JCM.

00797-20.

14. Thornton, J.R., and Harel, A. (2020). Negative SARS-CoV-2 antibody

testing following COVID-19 infection in Two MS patients treated with oc-

relizumab. Mult. Scler. Relat. Disord. 44, 102341. https://doi.org/10.1016/

j.msard.2020.102341.

15. Infantino, M., Grossi, V., Lari, B., Bambi, R., Perri, A., Manneschi, M., Ter-

enzi, G., Liotti, I., Ciotta, G., Taddei, C., et al. (2020). Diagnostic accuracy

of an automated chemiluminescent immunoassay for anti-SARS-CoV-2

IgM and IgG antibodies: an Italian experience. J. Med. Virol. 92, 1671–

1675. https://doi.org/10.1002/jmv.25932.

16. Harritshøj, L.H., Gybel-Brask, M., Afzal, S., Kamstrup, P.R., Jørgensen,

C.S., Thomsen, M.K., Hilsted, L., Friis-Hansen, L., Szecsi, P.B., Pedersen,

L., et al. (2021). Comparison of 16 serological SARS-CoV-2 immunoas-

says in 16 clinical laboratories. J. Clin. Microbiol. 59, 025966-20.

17. GeurtsvanKessel, C.H., Okba, N.M.A., Igloi, Z., Bogers, S., Embregts,

C.W.E., Laksono, B.M., Leijten, L., Rokx, C., Rijnders, B., Rahamat-Lan-

gendoen, J., et al. (2020). An evaluation of COVID-19 serological assays

informs future diagnostics and exposure assessment. Nat. Commun.

11, 3436.

18. Egia-Mendikute, L., Bosch, A., Prieto-Fernández, E., Lee, S.Y., Jiménez-
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

ahs-IgG Bethyl Laboratory Cat# A80-104A; RRID: AB_67061

ahs-IgM Bethyl Laboratory Cat# A80-100A; RRID: AB_67079

ahs-IgA Bethyl Laboratory Cat# A80-102A; RRID: AB_67044

B38 Laboratory of Eric S. Fischer This study

H4 Laboratory of Eric S. Fischer This study

HRP-anti human IgG Bethyl Laboratory Cat# A80-104P; RRID: AB_67064

HRP-anti human IgA Bethyl Laboratory Cat# A80-100P; RRID: AB_67082

HRP-anti human IgM Bethyl Laboratory Cat# A80-102P; RRID: AB_67047

CR3022 IgG Laboratory of Eric S. Fischer This study

CR3022 IgM Laboratory of Eric S. Fischer This study

CR3022 IgA Laboratory of Eric S. Fischer This study

Protein G GE GE17-0405-01

AF488-Nanobody (CTK0101, Nano-Secondary,

ChromoTek)

Laboratory of Ralph Mazitschek This study

Biological samples

Serological sample hospitalized patients (MGH and BWH)

with a SARS-CoV-2 confirmed RNA tests

This study

Serological sample convalescents patients (MGH) with a

confirmed prior SARS-CoV-2 RNA+

and two repeat RNA-negative tests

after 2 weeks of isolation

This study

Serological sample pre-pandemic healthy controls with

samples collected prior to December 1,

2019 (MGB Biobank);

This study

Serological sample a group of low-risk community members

(Ragon Institute)

This study

Serological sample Self-collection samples from DFCI

employees (DFCI IRB #20-260)

This study

Serological sample The IMPACT study (DFCI IRB #20-332)

patients samples with or without vaccination

This study

Chemicals, peptides, and recombinant proteins

Full-length Spike protein of SARS-CoV-2 LakePharma Cat# 46328

RBD of SARS-CoV-2 LakePharma Cat# 46438

Full-length biotinylated N protein of SARS-CoV-2

(construct 1-419 with N terminal His-Avi tag)

Acro Biosystem Cat# NUN-C81Q6

Full-length Spike protein of SARS-CoV Sino Biological Cat# 40634-V08B

Full-length Spike protein of MERS-CoV Sino Biological Cat# 40069-V08B

Biotinylated N-protein of SARS-CoV-2 Laboratory of Eric S. Fischer This study

Biotinylated ACE2 (18-615) Laboratory of Eric S. Fischer This study

CoraFluor-1-Pfp Laboratory of Ralph Mazitschek Payne et al.34

BODIPY FL-NHS Thermo Fisher Scientific Cat# D2184

Experimental models: Cell lines

Expi293 expression systerm Thermo Fisher Scientific Cat# A14635

Hi5 Thermo Fisher Scientific Cat# B85502
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Recombinant DNA

H3 Laboratory of Eric S. Fischer This study

B38 Laboratory of Eric S. Fischer This study

CR3022 IgG Laboratory of Eric S. Fischer This study

CR3022 IgM Laboratory of Eric S. Fischer This study

CR3022 IgA Laboratory of Eric S. Fischer This study

N protein Laboratory of Eric S. Fischer This study

ACE2 Laboratory of Eric S. Fischer This study

Software and algorithms

GraphPad Prism Graphpad Software Inc https://www.graphpad.com/scientific-

software/prism/

Adobe Illustrator Adobe https://www.adobe.com/products/illustrator
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Eric S.

Fischer (eric_fischer@dfci.harvard.edu).

Materials availability
CoraFluor-1-Pfp has been licensed to Tocris Bioscience and will be commercially available in the near future. As an academic insti-

tution, MGH will also grant non-exclusive research licenses to other academic institutions. Plasmids, purified proteins, and reagents

newly generated for this study are indicated in the key resources table and are available from the lead contact upon request.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics statement
Serum/plasma samples used in this study were obtained through the Massachusetts Consortium on Pathogen Readiness

(MassCPR) from Mass General Hospital (MGH), Brigham and Women’s Hospital (BWH) through the Mass General Brigham (MGB)

Biobank, through the Ragon Institute and Dana-Farber Cancer Institute (DFCI). The summary of the cohorts is presented in

Table S1. Institutional IRB approval was obtained, and all samples were collected after subjects provided signed informed consent.

Six groups of consented subjects were included: 1) hospitalized patients (MGH and BWH) with a SARS-CoV-2 confirmed RNA

tests42; 2) convalescents patients (MGH) with a confirmed prior SARS-CoV-2 RNA+ and two repeat RNA-negative tests after 2 weeks

of isolation42; 3) pre-pandemic healthy controls with samples collected prior to December 1, 2019 (MGB Biobank, Crimson Study ID:

T0764); 4) a group of low-risk community members (Ragon); 5) Self-collection samples from DFCI employees (DFCI IRB #20-260); 6)

The IMPACT study (DFCI IRB #20-332) patients samples with or without vaccination. Total IgG levels of IMPACT study samples were

available from medical records. Samples were heat inactivated at 60�C for 1 hour.

METHOD DETAILS

Constructs and protein purification
Antibodies were expressed in Expi293T cells following manufacturer protocol (Thermo Fisher Scientific, A14525) with transfection

ratios of 1:1 or 2:1 of heavy to light chain. The cell suspension was cleared using centrifugation, 15 min at 40k rpm Ti45, Beckman

Coulter). The clarified media was filtered with 0.45 mm filter before binding to either protein G (GE, GE17-0405-01) for IgG, protein L

(GE, GE17-5478-15) for IgM or peptide M (InvivoGen, gel-pdm-5) for IgA1 columns pre-equilibrated with binding buffer (PBS, 10 mM

Na2HPO4, 1.8 mM KH2PO4, 137 mM NaCl, 2.7 mM KCl at pH 7.4). The beads were washed with 20-50 column volumes of binding

buffer. The protein was eluted from the beads with 6-15 column volumes of 0.1 M glycine pH 3.0 elution buffer and immediately
Cell Reports Methods 3, 100421, March 27, 2023 e2

mailto:eric_fischer@dfci.harvard.edu
https://www.graphpad.com/scientific-software/prism/
https://www.graphpad.com/scientific-software/prism/
https://www.adobe.com/products/illustrator


Article
ll

OPEN ACCESS
quenched using a 10:1 ratio of 1M Tris-HCl pH 8.0. The protein-containing fractions were pooled and flash-frozen in liquid nitrogen at

0.1–1.5mg/mL. The antibodies were stored at�80�Cuntil further use. Concentrationswere estimated using Bradford assay. CR3022

IgG was labeled with BODIPY FL-NHS as described below.

Neutralizing antibodies B38 and H4 Fab fragments were constructed using the CR3022 Fc regions. The Fab fragment sequence

was taken from Wu, Y. et al.57 B38 and H4 antibodies were expressed in Expi293T and purified as described above for CR3022.

A truncated ACE2 (amino acids 18–615) without a signaling peptide was cloned and expressed in Hi-5 insect cells by using bacu-

loviruses with C-terminal StrepII and avi fusion tags. The full-length expressed in insect cells with an N-terminal StrepII-Avi-TEV

fusion tag. For both purifications cells were lysed by sonication (in 50 mM Tris pH 8.0, 200 mM NaCl, 0.1% Triton X-100, 1 mM

PMSF and 1 tablet of complete protease inhibitor cocktail Roche Applied Science), lysate cleared by high-speed centrifugation,

and the supernatant passed over StrepTactin-XT HC affinity resin (IBA). Target protein was eluted using biotin and subjected

to Poros50HQ ion-exchange chromatography. Purification was completed using size exclusion chromatography with a HiLoad

16/600 Superdex 200 (GE Healthcare) in 50mMHEPES pH 7.4, 200mMNaCl and 2mMTCEP. The purified avi-tagged ACE2 protein

or avi-tagged N protein was biotinylated in presence of BirA enzyme, 10 mM MgCl2, 2 mM biotin, 20 mM ATP. Biotinylation was

confirmed by mass spectrometry. The protein-containing fractions were pooled and flash-frozen in liquid nitrogen at 0.9 mg/mL

for ACE2 and 1.6 mg/mL for N protein. The proteins were stored at �80�C until further use. Concentrations were estimated using

Bradford assay.

Protein labeling with CoraFluor-1 or BODIPY FL
2.5mL ahs-IgG (Bethyl, A80-104A), ahs-IgM (Bethyl, A80-100A), ahs-IgA (Bethyl, A80-102A), S protein (LakePharma, 46328), protein

G (Life, 21193) or RBD protein (LakePharma, 46438) at a concentration of 1 mg/mL or SARS-CoV S protein (Cat. 40634-V08B) and

MERS-CoV Sprotein (Cat. 40069-V08B) at concentration of 0.25mg/mLwas buffer exchanged into 100mMsodiumcarbonate buffer

at pH 8.5, 0.05% TWEEN 20 using PD-10 Desalting Columns (Sigma, GE17-0851-01) according to the manufacturer’s protocol with

0.5 mL per elution fraction. Protein-containing fractions were pooled at 0.5–1mg/mL and the appropriate volume of either CoraFluor-

1-Pfp34 (1 mM in dimethylacetamide (DMAc)) or BODIPY FL-NHS (at 10 mM concentration in DMSO) was added to achieve a molar

ratio of approximately 4-5x CoraFluor-1-Pfp or 6x BODIPY FL. The reaction mixture was briefly vortexed and allowed to stand at

room temperature for 1 h. To purify the labeled conjugates, the labeling reaction was buffer exchanged into 50mMsodiumphosphate

buffer pH 7.4, 137 mMNaCl, 0.05% TWEEN 20 using PD-10 desalting columns following manufacturer protocol using 0.5 mL elution

fractions. Protein-containing fractions were pooled and flash-frozen in liquid nitrogen at 0.4–0.6 mg/mL concentration and stored

at �80�C.
The corrected A280 value (A280,corr) of protein conjugate was determined via Nanodrop (0.1 cm path length) by measuring A280 and

A340, using Equation 1:

A280;corr = A280 � ðA340 3 cfÞ (Equation 1)

where cf is the correction factor for the CoraFluor-1 contribution to A280 and is equal to 0.157.

The concentration of protein conjugate, cp (M) was determined using Equation 2:

cp =
A280;corr

εb
(Equation 2)

where ε is the antibody extinction coefficient at A280, equal to 210,000M�1cm�1 for IgG class anti IgG/IgM/IgA Ab, 240,000M�1cm�1

for S protein, 80,200 M�1cm�1 for RBD and b is path length in cm (0.1 cm).

The concentration of Tb complex, cTb (M) covalently bound to the proteins was determined using Equation 3:

cTb =
A340

εb
(Equation 3)

where ε is the complex extinction coefficient at A340, equal to 22,000 M�1cm�1 and b is path length in cm (0.1 cm).

The degree of labeling (DOL) was calculated using Equation 4:

DOL =
cTb

cp

(Equation 4)
TR-FRET assay for RBD, S protein, N protein or total IgG
Titration of CR3022 IgG/IgM/IgA1 antibody or dilution of tested human serum samples was added to assay mix with final concen-

trations of 15 nM CoraFluor-1-labeled RBD and 250 nM BODIPY FL-labeled aIgG/aIgM/aIgA, or 7.5 nM CoraFluor-1-labeled S pro-

tein of SARS-CoV-2, SARS-CoV or MERS-CoV, 250 nM BODIPY FL-labeled aIgG/aIgM/aIgA, or 2 nM Streptavidin-CoraFluor-1 and

250 nM BODIPY FL-labeled aIgG, or 25 nMCoraFluor-1-Protein G and 25 nM AF488 labeled Nanobodies in a buffer containing PBS,

0.05% TWEEN 20 (Sigma Aldrich P9416). Serum/plasma/whole blood samples were diluted in the buffer containing 50 mM Tris-HCl

pH 8.0, 140 mM NaCl, 0.05% TWEEN 20 and 1% BSA (Cell Signaling Technology 9998S) to the final assay condition of 1:150 (v/v).

The assay was prepared by combining 5 mL of 3x assay mix with 10 mL of 1:100 (v/v) of sample. TR-FRET assays were performed in
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384-well microplate (Corning, 4514) with 15 mL final assay volume. Before TR-FRET measurements were conducted, the reactions

were incubated for 1h at RT. After excitation of CoraFluor-1 (Tb) fluorescence at 337 nm, emission at 490 nm (CoraFluor-1) and

520 nm (BODIPY FL) were recordedwith a 70 ms delay over 130 ms to reduce background fluorescence and the reaction was followed

over >20 or >100 s cycles of each data point using a PHERAstar FS microplate reader (BMG Labtech). The TR-FRET signal of each

data point was extracted by calculating the 520/490 nm ratio.

TR-FRET ACE2-Spike neutralization assay
Dilution of human serum samples were added to assay mix with final concentrations of 8 nM Biotinylated ACE2 protein, 2 nM

Streptavidin-CoraFluor-1 and 8 nM BODIPY FL-labeled Spike in a buffer containing PBS, 0.05% TWEEN 20 (Sigma Aldrich

P9416). Serum samples were diluted in the buffer containing 50 mM Tris pH 8.0, 140 mM NaCl, 0.05% TWEEN 20 and 1% BSA

(Cell Signaling Technology 9998S) to the final assay concentration of 1:50 (v/v) or as a full dose response titration. TR-FRET assays

were performed in 384-well microplates (Corning, 4514) with 15 mL final assay volume. Biotinylated ACE2 protein and Streptavidin-

CoraFluor-1 (mix 1) were premixed and incubated for 10 min at RT. BODIPY FL-Spike protein and antibody or serum samples (mix 2)

were pre-incubated for 30 min at RT. Mix 1 and 2 were added together and before TR-FRET measurements were conducted, the

reactions were incubated for 1 to 4 h at RT. After excitation of CoraFluor-1 (Tb) fluorescence at 337 nm, emission at 490 nm

(CoraFluor-1) and 520 nm (BODIPY FL) were recorded with a 70 ms delay over 130 ms to reduce background fluorescence. The

reaction was followed over >20 or >100 s cycles of each data point using a PHERAstar FS microplate reader (BMG Labtech). The

TR-FRET signal of each data point was extracted by calculating the 520/490 nm ratio. The AUC was calculated as the sum of

the averages of duplicate individual 8-point dose-response data points.

ELISA assay for RBD protein, S protein or N protein
384-well ELISA plates (ThermoFisher #464718) were coated with 50 mL/well of 500 ng/mL SARS-CoV-2-RBD or SARS-CoV-2 S pro-

tein or SARS-CoV-2 N protein in coating buffer (1 capsule of carbonate-bicarbonate buffer (Sigma #C3041100CAP) per 100 mL

Milli-Q H2O) for 30 min at room temperature. Plates were then washed 3 times with 100 mL/well of wash buffer (0.05% TWEEN

20, 400 mM NaCl, 50 mM Tris pH 8.0 in Milli-Q H2O) using a Tecan automated plate washer. Plates were blocked by adding

100 mL/well of blocking buffer (1% BSA, 140 mM NaCl, 50 mM Tris pH 8.0 in Milli-Q H2O) for 30 min at room temperature. Plates

were then washed as described above. 50 mL of diluted serum samples (in dilution buffer; 1% BSA, 0.05% TWEEN 20, 140 mM

NaCl, 50 mM Tris (pH 8.0) in Milli-Q H2O) was added to the wells and incubated for 30 min at 37�C. Plates were then washed 5 times

as described above. 50 mL/well of diluted detection antibody solution (HRP-anti human IgG Bethyl Laboratory #A80-104P) was

added to the wells and incubated for 30 min at room temperature. Plates were then washed 5 times as described above. 40 mL/well

of TMB peroxidase substrate (Thermo Fisher #34029) was then added to the wells and incubated at room temperature for 3 min

(aIgG). The reaction was stopped by adding 40 mL/well of stop solution (1 M H2SO4 in Milli-Q H2O) to each well. OD was read at

450 nm and 570 nm on a PHERAstar FSX plate reader (BMG Labtech). The final data used in the analysis was calculated by subtract-

ing 570 nm background from 450 nm signal.

Cellular neutralization assay
Lentiviral particles pseudotyped with SARS-CoV-2 spike protein were produced by transient transfection of 293T cells and titered by

flow cytometry on 293T-ACE2 cells. Neutralization assays were performed on a Fluent Automated Workstation (Tecan) using

384-well plates (Greiner, 781,090). Following an initial 12-fold dilution, the liquid handler performed serial 3-fold dilutions (ranging

from 1:12 to 1:8,748) of each patient serum and/or purified antibody in 20 ml followed by addition of 20 mL of pseudovirus containing

125 infectious units and incubation for 1 h at room temperature. Finally, 10,000 293T-ACE2 cells in 20 mL cell media containing

15 mg/mL polybrene were added to each well and incubated at 37�C for 60–72 h. Following transduction, cells were lysed using a

modified form of a previously described assay buffer containing a final concentration of 20 mM Tris-HCl, 100 mM EDTA, 1.07 mM

MgCl2, 2.67–26.7 mM MgSO4, 17 mM dithiothreitol (DTT), 250 mM ATP, and 125–250 mM D-luciferin, 1% Triton X- and shaken for

5min prior to quantitation of luciferase expression within 1h of buffer addition using a Spectramax L luminometer (Molecular Devices).

Percent neutralization was determined by subtracting background luminescencemeasured in cell control wells (cells only) from sam-

ple wells and dividing by virus control wells (virus and cells only). Data was analyzed using Graphpad Prism and NT50 values were

calculated by taking the inverse of the 50% inhibitory concentration value for all samples with a neutralization value of 80% or higher

at the highest concentration of serum or antibody.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical calculations were performed using Prism 8.0.2 and R v3.6.1; packages ggplot2. The samples in ELISA IgG or TR-FRET IgG

were classified as positive if the value exceeded the mean (Healthy) + 3 SD (Healthy) threshold.
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