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ABSTRACT: Methods of antibody detection are used to assess
exposure or immunity to a pathogen. Here, we present Ig-MS, a
novel serological readout that captures the immunoglobulin (Ig)
repertoire at molecular resolution, including entire variable regions
in Ig light and heavy chains. Ig-MS uses recent advances in protein
mass spectrometry (MS) for multiparametric readout of antibodies,
with new metrics like Ion Titer (IT) and Degree of Clonality (DoC)
capturing the heterogeneity and relative abundance of individual
clones without sequencing of B cells. We applied Ig-MS to plasma
from subjects with severe and mild COVID-19 and immunized
subjects after two vaccine doses, using the receptor-binding domain
(RBD) of the spike protein of SARS-CoV-2 as the bait for antibody
capture. Importantly, we report a new data type for human serology,
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that could use other antigens of interest to gauge immune responses to vaccination, pathogens, or autoimmune disorders.
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Bl INTRODUCTION

Since late 2019, severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) and its associated disease COVID-19" have
been at the center of a global pandemic affecting more than
200 million people, especially immunocompromised individu-
als, the elderly, and individuals with pre-existing conditions.”
This has resulted in more than S million deaths worldwide,
including >700,000 in the USA where COVID-19 has become
a leading cause of death.” Unfortunately, the global death toll
is still high due to delays in vaccination and the emergence of
more transmissible variants of SARS-CoV-2, against which the
available vaccines and antibody-based therapeutics may be less
effective.”

Most COVID-19 patients develop antibodies a§ainst SARS-
CoV-2 within a few weeks after infection,”® commonly
recognizing targets such as viral envelope, nucleocapsid, and
spike proteins. In particular, the spike protein receptor-binding
domain (RBD) is a robust immunogenic target that has been
the focus of many antibody-based diagnostics and therapeutics
against SARS-CoV-2."

Generally, standard serology tests (e.g, ELISA and lateral
flow assays) can reliably detect whether a patient possesses
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antibodies against a target antigen, but they do not capture the
clonality and makeup of an entire immunoglobulin (Ig)
repertoire. A more precise assessment of immune status
relative to SARS-CoV-2 at single clone resolution would
significantly improve serological testing capabilities. A
proteomics approach to the antibody repertoire has been
challenging, though digestion-based approaches combined
with Ig-seq have been evaluated and attempted.®” Several
studies have used a low-resolution view of the IgG landscape
using peptide-based analyses of IgGs after tryptic diges-
tion,' " including one conducted in the COVID-19
context.' "’

Intact proteins have many proteoforms,'* and in the case of
antibody heterogeneity, this could be captured if there was a
molecular readout with enough resolution and specificity. Past
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efforts have been able to detect monogammapathies (e.g., B
cell cancers like multiple myeloma'”), but a direct readout of
Ig repertoire at high resolution is not currently possible.
Addressing this, here we establish Ig-MS, which isolates
antibodies against a specific target from the plasma of patients
and controllably breaks them down into their heavy and light
chains (HC and LC). Once created, HC and LC are analyzed
by individual ion mass spectrometry (I*MS). This approach
generates tractable spectral outputs for extremely heteroge-
neous intact or fragmented protein samples (under denatured
or native conditions) directly in the mass domain that are
uninterpretable under traditional ensemble analysis due to
extensive charge state overlap in the m/z domain.'®”"*®
Accurate charge detection of individual ions using STORI
plot analysis are completed routinely on ~500 fold more dilute
samples than classical protein MS analysis with the collection
of hundreds of individual ions per acquisition event.'®'” An
additional advantage of individual ion analysis includes ~20X
resolution gains over ensemble ion analysis which further
advances the deconvolution of complex mixtures.”**'

Here, we apply Ig-MS to generate compositional profiles for
Ig repertoires, their degree of clonality, and titers for an initial
cohort of COVID-19 subjects. With increased resolution for
molecular serology, Ig-MS could provide high-value clinical
correlates of viral neutralization, the presence, extent, and
course of the disease, and/or assess the degree of protection
after COVID-19 vaccination.

B EXPERIMENTAL SECTION

Patient Cohorts and Plasma Sampling

Throughout this work, plasma from convalescent COVID-19
donors and those in control groups were collected under IRB
NUMBER 00000482 by the clinical team at Rush University
Medical Center. Patients were sampled post-infection 10 or
more days after symptom onset. Three uninfected subjects that
never had contact with COVID-19 were used as negative
controls. These individuals were vaccinated using the
BNT162b2 vaccine from Pfizer Inc. and BioNTech, and
plasma samples were collected 20 days after the first shot and
28 days after the second shot (booster). Plasma was isolated
from the blood collected using tubes with sodium heparin (BD
367874, Fisher Scientific) by centrifugation at 1,500 X g for 10
min. Plasma from a convalescent patient featuring a high titer
of anti-SARS-CoV-2-RBD antibodies was purchased from
AllCells (commercial sample 1 — CS1) and used as a standard
positive control throughout the study. As a negative control/
blank background, pooled serum collected before the
emergence of the SARS-CoV-2 pandemic was used (Fisher
Scientific BP2657100 UNSPSC 12352207, purchased 05/05/
2019).

RBD-Binding by ELISA

Hisorb Ni* plates (Qiagen) were coated with 100 uL of His-
tagged RBD (BEI) at a concentration of 2 ug/mL overnight at
4 °C. Plates were blocked with 100 uL per well of 3% nonfat
milk prepared in PBS with 0.1% Tween 20 (PBST) added to
the plates at room temperature for 1 h. Next, heat-inactivated
plasma from COVID-19 patients was diluted 1:10 in PBS and
added at 100 uL per well for 2 h at RT. Plates were washed
with PBS-T 3 times, followed by incubation with secondary
anti-human IgG Fc HRP (1:4,000) for 1 h. Plates were washed
3 times with PBS-T followed by the addition of TMB substrate

for 10 min. The reaction was stopped using 3 M HCI and read
at OD 450 nm on the Biotek Cytation 3.

SARS-CoV-2 Surrogate Virus Neutralization Assay

COVID-19 patient plasma samples were heat-inactivated at 56
°C for 1 h. Following heat inactivation, samples were diluted at
a volume ratio of 1:9 in sample dilution buffer and mixed with
a 1:1,000 HRP-conjugated RBD solution in HRP dilution
buffer at a volume ratio of 1:1 and incubated at 37 °C for 30
min. Following incubation, samples and kit-provided controls
were added to an ACE2-coated 96-well plate, 100 uL/well in
duplicate, and incubated at 37 °C for 15 min. The plate was
then washed four times with 1X wash solution and incubated
with 100 uL/well TMB solution in the dark at room
temperature for 15 min, followed by the addition of 50 uL/
well reaction stop solution. The absorbance was then read on a
biotek Cytation 3 plate reader at 450 nm. The protocol is
adapted from GenScript SARS-CoV-2 Surrogate Virus
Neutralization Test Kit (Cat. No. L00847-A), and all reagents
used were provided in the test kit.

Recombinant Monoclonal Antibody

Human recombinant monoclonal Anti-SARS-CoV-2 antibody,
mAb CR3022 produced in Nicotiana bethamiana (tobacco
plant) was obtained from Novici Biotech LLC (Lot
NCV_051520B) as a 1.0 mg/mL solution in PBS (pH 7.2).
This reagent binds RBD of the Spike protein from SARS-CoV-
2 and is also available through BEI Resources, catalog number
NR-53876. The recombinant mAb was stored at 4 °C prior to
use.

Recombinant Expression of SARS-CoV-2 Spike Protein
Receptor-Binding (RBD) Domain

The plasmid pCAGGS SARS-CoV-2 RBD comprises an N-
terminal signal sequence, amino acids 319—541 of the spike
protein from SARS-CoV-2 (the receptor-binding domain,
RBD), and a C-terminal 6-His tag.”” This vector was obtained
from BEI Resources (BEI NR-52309) and expressed
recombinantly using the Expi293 Expression System as follows:
Expi293F cell culture (1 L total) was maintained in a 37 °C
incubator with >80% relative humidity, 8% CO, on an orbital
shaker platform, and subcultured at cell density (3—5) X 10°
viable cells/mL. One day before transfection, the cells were
seeded to a final density of 2.5 X 10° viable cells/mL and
allowed to grow overnight. On the day of transfection, the
culture was diluted to 3 X 10° viable cells/mL with fresh,
prewarmed Expi293 Expression Medium. The transfection was
performed using ExpiFectamine 293 Transfection Kit. Briefly,
DNA/Opti-MEM 1 and ExpiFectamine 293/Opti-MEM I
mixtures were prepared separately and incubated at room
temperature for 5 min. These mixtures were then combined,
and the total complexation mixture was incubated at room
temperature for another 20 min after which it was slowly mixed
into the cell culture to initiate transfection. Eighteen hours
post-transfection, ExpiFectamine 293 Transfection Enhancer 1
and ExpiFectamine 293 Transfection Enhancer 2 were added
to the culture. The cell culture supernatant was collected after
6 days and prepared for purification.

Purification of SARS-CoV-2 RBD

Purification was performed on AKTAxpress (GE Healthcare
Life Science) FPLC purification system. Clarified cell culture
supernatant was loaded onto HisTrap FF S mL column (GE
Healthcare Life Science, Cat #17-5255-01). The column was
washed twice, once with binding buffer (10 mM Tris-HCI, 500
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mM NaCl, pH 7.4) and then with binding buffer +12.5 mM
imidazole to remove unspecifically bound material. Finally,
bound RBD protein was eluted off the column with elution
buffer (10 mM Tris-HCI, 500 mM NaCl, 500 mM imidazole,
pH 7.4). Column loading, washes, and elution were all
performed at a 3 mL/min flow rate. After elution, the collected
fraction was buffer exchanged into 1X PBS.

RBD Validation by Bottom-Up Proteomics

Fifty migrograms of RBD was acetone/TCA precipitated with
8 volumes of cold acetone and 1 volume of trichloroacetic acid
overnight at —20 °C. After washing the pellet with ice-cold
acetone, the resulting protein pellet was resuspended into 50
uL of 8 M urea in 400 mM ammonium bicarbonate, pH 7.8,
reduced with 4 mM dithiothreitol at 50 °C for 30 min, and
cysteines were alkylated with 18 mM iodoacetamide in the
dark for 30 min. The solution was then diluted to <2 M urea
(final concentration), and trypsin (Promega) was added at a
final trypsin/protein ratio of 1:50 prior to overnight incubation
at 37 °C with shaking. The resulting peptides were desalted
using solid-phase extraction on a Pierce C18 Spin column and
eluted in 80 uL of 80% acetonitrile (ACN) in 0.1% formic acid
(FA). After lyophilization, peptides were reconstituted with 5%
ACN in 0.1% FA.

Peptides were analyzed by LC-MS/MS using a Dionex
UltiMate 3000 Rapid Separation nanoLC and a Q Exactive HF
Hybrid Quadrupole-Orbitrap Mass Spectrometer (Thermo
Fisher Scientific Inc., San Jose, CA). Approximately 1 ug of
peptide sample was loaded onto the trap column, which was
150 ym X 3 cm in-house packed with 3 ym ReproSil-Pur C18
beads (Maisch, GmbH, Germany). The analytical column was
a 75 ym X 10.5 cm PicoChip column packed with 3 pm
ReproSil-Pur C18 beads (New Objective, Inc. Woburn, MA).
The flow rate was kept at 300 nL/min. Solvent A was 0.1% FA
in water, and Solvent B was 0.1% FA in ACN. The peptides
were separated on a 120 min analytical gradient from 5%
ACN/0.1% FA to 40% ACN/0.1% FA. The mass spectrometer
was operated in a data-dependent mode. The source voltage
was 2.40 kV, and the capillary temperature was 320 °C. MS'
scans were acquired from 300 to 2,000 m/z at 60,000 resolving
power and automatic gain control (AGC) set to 3 X 10°
charges. The top 20 most abundant precursor ions in each MS'
scan were selected for fragmentation. Precursors were selected
with an isolation width of 2 m/z and fragmented by Higher-
energy collisional dissociation (HCD) at 30% normalized
collision energy in the HCD cell. Previously selected ions were
dynamically excluded from reselection for 20 s. The MS?
minimum AGC was set to 1 X 10°.

Proteins were identified from the tandem mass spectra
extracted by Xcalibur version 4.0. MS” spectra were searched
against the Spike protein RBD and SwissProt Homo sapiens
database using Mascot search engine (Matrix Science, London,
UK; version 2.7.0). All searches included carbamidomethyl
cysteine as a fixed modification, oxidized methionine,
deamidated asparagine/glutamine, and acetylated N-terminal
as variable modifications. Three missed tryptic cleavages were
allowed. The MS' precursor mass tolerance was set to 10 ppm,
and the MS? tolerance was set to 0.0S Da. The search result
was visualized by Scaffold v 5.0 (Proteome Software, INC.,
Portland, OR). A 1% false discovery rate cutoff was applied at
the peptide level. Only proteins with a minimum of two unique
peptides above the cutoff were considered identifications.

Fabrication of RBD-Loaded Magnetic Beads

Recombinantly expressed RBD was covalently loaded onto
Dynabeads MyOne Carboxylic Acid beads (Thermo 65011,
Thermo 65012) according to the manufacturer-provided
protocol for “Two-Step Coating Procedure using NHS”. In
brief, for a single preparation, 1.5 mL of bead suspension was
dispensed and washed twice with 1.5 mL of 25 mM MES, pH
6.0 for 10 min at room temperature. Following washes, bead
chemistry was activated by suspending the beads into 1.5 mL
of freshly prepared 50 mg/mL N-hydroxysuccinimide (NHS),
mixing in 1.5 mL of freshly prepared 50 mg/mL 1-ethyl-3-
(3dimethylaminopropyl) carbodiimide (EDC), and incubating
for 30 min at room temperature. Following activation, the
beads were again washed twice with 1.5 mL of 25 mM MES,
pH 6.0 for 10 min at room temperature. Activated beads were
suspended into 1 mL 25 mM MES, pH 6.0 to which 1.5 mg of
RBD protein was added. The sample was mixed and incubated
for 30 min at room temperature. Next, the beads were pulled
down, the supernatant was discarded, and loading was
quenched by incubating the beads in 1 mL of 50 mM Tris,
pH 6.8, for 1S min at room temperature. After quenching,
beads were washed four times in 1 mL 1X PBS + 0.1% human
serum albumin (HSA), and finally suspended into 3 mL 1X
PBS + 0.1% HSA for storage at 4 °C.

Enrichment of RBD-Reactive Antibodies from Patient
Samples

Antibody pull-downs were assembled by combining 100 uL of
patient plasma/serum with 35 uL of RBD-loaded bead
suspension and diluting to a volume of 1 mL with 1X TBS.
Assembled pull-downs were incubated overnight at 4 °C with
end-overend mixing. After this, incubation beads were pulled
down, supernatant was removed, and beads were resuspended
into 1 mL wash buffer (1x TBS + 0.1% Tween + 1% NP-40 +
1% NP-40 substitute). Suspensions were transferred onto a
KingFisher Flex for additional 4 washes in 1 mL wash buffer, 2
washes in 1 mL 1X TBS, and a 30 min incubation in 100 uL
100 mM glycine, pH 11.5 + 0.1% sodium deoxycholate at 37
°C to elute antibodies associated with bead-bound RBD. For
LC/Fd workflow, Ig-pull-downs included an on-bead IdeS
digestion of RBD-binding antibodies. This involved an
additional incubation step between the first and second 1X
TBS washes, during which beads were incubated in 100 uL of
50 mM sodium phosphate +150 mM sodium chloride (pH
6.6) in the presence of 200 U IdeS enzyme (Promega V751A)
for 3.5 h at 37 °C.

Preparation of Enriched Antibodies for Individual lon
Mass Spectrometry

Following elution, 100 ng of mAb CR3022 standard antibody
was added to each elution fraction to serve as an internal
standard across all samples. For samples including an IdeS
digest step, the mAb CR3022 standard underwent an in-
solution IdeS digestion according to manufacturer protocols
prior to being added to pull-down elution fractions. After
supplementation with standard antibody, each fraction was
combined with 160 L 8 M urea and 25 uL 1 M TCEP, mixed,
and set to incubate for 1 h at room temperature to facilitate the
complete denaturation of the Ig-RBD and permit the complete
reduction of all inter- and intrachain disulfide bonds. Following
incubation, reduced antibody fragments were cleaned via
methanol—chloroform—water precipitation as has been pre-
viously described.”>**
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Visualization of RBD-Binding Antibodies via Western Blot

Fractions of interest were combined with Bolt loading buffer
(final concentration 1X, Thermo Fisher B0007) and
dithiothreitol (DTT, final concentration 100 mM) and
incubated at 100 °C for 10 min. Boiled samples were loaded
onto a 4—12% Bolt Bis-Tris Plus polyacrylamide gel, which was
run in a Mini Gel Tank (Thermo Fisher A25977) using MES
running buffer for 1 h at 120 V. Next, the gel was trimmed, and
proteins were transferred to a nitrocellulose membrane using
iBlot 2 nitrocellulose transfer stacks (Thermo Fisher IB23001)
on an iBlot 2 Dry Blotting System following manufacturer
instructions. The transfer method used was the templated
method P3 (20 V for 7 min). After transfer, the membrane was
blocked using 1X TBS + 0.05% Tween + 5% milk for 1 h at
room temperature with mixing. After 1 h, goat anti-human IgG
(H+L) HRP conjugate (Thermo Fisher 31410) was added
directly to the milk at a 1:20,000 dilution, and the membrane
was moved to 4 °C to incubate overnight. The next day, the
milk + antibody mixture was discarded, and the membrane was
washed 3X in 1X TBS + 0.05% Tween for 5 min at room
temperature with mixing. Finally, the blot was imaged on an
iBright CL1000 imager (Thermo Fisher) using 800 uL of
Immobilon Classico Western HRP substrate (Millipore Sigma
WBLUCO0500).

Western Blot Identification of Enriched Antibody Isotypes

An enrichment was performed as described in the section
Enrichment of RBD-Reactive Antibodies from Patient Samples
to screen for the presence of individual human antibody
isotypes (IgGl, IgG2, IgG3, IgG4, IgA, IgD, IgE, and IgM). In
this case, after elution, the fraction was divided into 8 equal
parts. Positive controls were assembled for each isotype being
examined, with each control consisting of 250 ng of a
commercially obtained purified antibody of that isotype (IgG1:
Sigma AGS02; IgG2: Sigma 15404; IgG4: Sigma 14640; IgA:
Sigma 14036; IgD: Sigma 401164; IgE: Sigma 401152; IgM:
Sigma 18260). Negative controls for each isotype were
assembled by combining 300 ng of all commercially obtained
purified antibody isotypes omitting the specific isotype that the
control was. Eluted material, positive, and negative controls
were run in polyacrylamide gels, and proteins were transferred
to nitrocellulose and blocked as described above. After
blocking, each membrane was introduced to a primary
antibody that specifically recognized the isotype of the
antibodies being examined on that membrane (IgGl:
AbCam ab108969; IgG2: AbCam ab134050; IgG3: AbCam
ab109761; IgG4: AbCam ab109493; IgA: AbCam ab124716;
IgD: AbCam ab124795; IgE: AbCam ab195580; IgM: AbCam
ab134159) mixed with 1X TBS + 0.05% Tween + 5% milk.
Primary antibodies were present at a dilution of 1:10,000.
Membranes were incubated in primary antibodies overnight at
4 °C with mixing. The next day, primary antibody + milk was
discarded, and all membranes were washed 3X in 1X TBS +
0.05% Tween for S min at room temperature with mixing.
After washing, all membranes were submerged into 1x TBS +
0.05% Tween + 5% milk to which secondary antibody (Gt-
anti-Rb-HRP (Sigma AP307P) had been added at a dilution of
1:5,000. Membranes incubated in secondary antibody for 1 h
at room temperature with mixing, after which they were
washed 3X in 1X TBS + 0.05% Tween for 5 min at room
temperature with mixing and imaged as described above.

Anti-RBD Antibody Quantification

Titers of antibodies from patient plasma responsive to SARS-
CoV-2 RBD were measured using Lumit Dx SARS-CoV-2
Immunoassay (Promega VB1080). Plasma from each patient
was diluted 1:10 in 1X TBS and incubated at 56 °C for 1 h to
inactivate any potential pathogens remaining. Following heat
inactivation, samples were used as input and analyzed in
triplicate using the assay following manufacturer protocols.

Individual lon Mass Spectrometry

After precipitation, reduced antibody samples were redissolved
in 200 L of a 40% ACN and 0.5% acetic acid. A total of 70 uL
of the sample was sprayed through an Ion Max Source
(Thermo Fisher Scientific) fitted with a HESI II probe at a
flow rate of 1 yL/min delivered by a PAL3 robot (CTC
Analytics) and analyzed by a Q Exactive Plus mass
spectrometer (Thermo Fisher Scientific).>>*° Instrumental
conditions included eFT off, pressured setting of 0.5, 1 kV
orbitrap central electrode voltage, a spray voltage of 3.0 to 4
kV, sheath gas of 2 L/min, an in-source collision-induced-
dissociation value of ~15 V, and a source temperature of 320
°C. Injection times ranged from 1 to 400 ms and were
optimized on a per-sample basis to collect hundreds to
thousands of individual ions (depending on spectral complex-
ity) per acquisition event to perform I?MS analysis. Data were
acquired from 650 to 2,500 m/z range for 70 min using
140,000 of resolving power (at 200 m/z).

Previously, I’MS analysis has been demonstrated using an
Orbitrap mass analyzer.'”*”*® Briefly, "M is a novel approach
capable of discerning the mass profile of highly complex
mixtures not amenable to venerable approaches used in protein
mass spectrometry. Rather than measuring in the mass-to-
charge (m/z) domain, I"'MS accurately determines the charge
on each individual ion collected through a process called
STORI plot analysis. STORI plot analysis, the determination
of the slope of individual ion signal accumulation, was
completed on each ion as a function of its specific frequency.'®
To simplify this process and reduce file sizes, only time-domain
signals at specific frequencies where individual ions occurred,
called STORI files, were recorded on an acquisition-to-
acquisition basis. Each acquired STORI file was then processed
to accurately determine the m/z and charge for every
individual ion signal detected.

In order to evaluate the lower limits of the Ig-MS platform,
we analyzed NIST antibody standard in a serial dilution series.
All samples were infused at 1 yL/min for 50 min such that the
same number of transients would be acquired for each
experiment. Additionally, the injection time was scaled
inversely to the sample concentration in order to maintain a
constant per-cycle injection of 12.5 pg. For example, the 500
nM run used an injection time of 10 ms, and the 100 nM run
used an injection time of 50 ms.

Proteoform Quantification for Light Chain, Fd, and Heavy
Chain

I’MS STORI files were processed to create mass spectra as
.mzml files. Briefly, STORI files containing single ion peak
information and transient sections are processed using a short-
time Fourier transform (STFT) to assign slopes to single
ions.”” After slope assignment, charges were assigned to
individual ion using an iterative voting algorithm, and spectra
were generated using a normal kernel density estimate (KDE)
and exported as either profile or centroided .mzml files.
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Figure 1. Ig-MS, a new platform for COVID-19 serology. (A) Overview of sample preparation and readout. Antibodies against the RBD domain of
the SARS-CoV-2 spike protein are enriched from plasma or serum of COVID-19 patients, vaccinated, and control individuals using magnetic beads
conjugated with RBD. The eluates are then reduced to obtain light (LC) and heavy chains (HC), which are analyzed by individual ion mass
spectrometry (I°MS). (B) Western blot showing the enrichment of Ig targeting SARS-CoV-2 spike RBD from CS1. (C) Example data set and
metrics obtained from Ig-MS of the plasma from a COVID-19 convalescent patient (COVID-19_3) (only LC is shown).

Calculation of 1g-MS lon Titer, Degree of Clonality, and
Spectral Correlation Coefficients

Ig-MS ion titers were calculated using a custom script, in which
.mzml "MS files were centroided and spectra divided into
regions; the LC region, the regions of the standard peaks, and
either the Fd fragment or HC regions for samples that were
reduced with and without IdeS digestion, respectively. An
average noise was calculated over these regions, and the sum
was subtracted from the intensity for the region’s total.’” The
titers were obtained by determining the ratio between the sum
of the standard peak regions and the regions for the LC and
Fd/HC regions, divided by the value of the spike-in standard,
as shown in eq 1.

Ig-MS Ion Titer (IT)

LC max Fd/HC max
= z (intensity — noise) + (intensity — noise)
LC min Fd/HC min

/

X

n | std peak n min

std peak n max
l Z (intensity — noise)‘ /Std. mass(pg)
(1)

The degree of clonality (DoC) was calculated by centroiding
profile spectra for a given mass window corresponding to the
LC region. First, the highest centroid peak is determined and
usmg an averagine distribution, a window is created around the
peak.’’ To account for simple adducts (+Na and —H,0) the

window was extended +39 and —18 Da. The intensities in this
range are summed and divided by the total sum of all
intensities in the LC region and inverted yield the DoC, as in
eq 2. This metric takes a value of one to infinity, with the
higher the number, the more complex the spectrum.

Degree of Clonality

LC max . .
ZLC o intensity

DoC = Zpeak window max .

intensity

)

peak window min

Spectral correlation coefficients were calculated for two
spectra by taking centroided spectra and creating a padded
array of equal length for each. Each peak in each centroided
spectrum was fitted to a Normal KDE and summed into the
padded arrays, yielding two Gaussian fitted spectra of equal
length with indexes corresponding to the same mass.
Calculating the cosine similarity using eq 3 yielded the spectral
correlation coefficients of the two spectra.

Cosine Similarity to Compare Two Spectra
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IgG Antibody Glycan Analysis

Reduced IgG purified from plasma were separated on an SDS-
PAGE gel, and the band corresponding to the heavy chain was
cut and subjected to in-gel digestion as follows: gel bands were
washed in 100 mM ammonium bicarbonate (AmBic)/
acetonitrile (ACN) and reduced with 10 mM dithiothreitol
at room temperature for 45 min. Cysteines were alkylated with
50 mM iodoacetamide in the dark for 45 min at room
temperature. Finally, gel bands were washed in 100 mM
AmBic/ACN prior to adding 600 ng Lys-C for overnight
incubation at room temperature. Following digestion, super-
natants containing peptides were transferred into new tubes.
Gel pieces were washed at room temperature for 10 min with
gentle shaking, in 50% ACN/5% FA, and supernatants were
combined with peptide solutions. This wash was repeated each
by 80% ACN/5% FA, and 100% ACN, and all supernatants
was saved. Pooled supernatants were then subject to speedvac
drying. After lyophilization, peptides were reconstituted with
5% ACN/0.1% FA in water.

Peptides were analyzed by LC-MS/MS using a Dionex
UltiMate 3000 Rapid Separation nanoLC and a Q Exactive HF
Hybrid Quadrupole-Orbitrap Mass Spectrometer (Thermo
Fisher Scientific Inc.). The peptide samples were loaded onto
the trap column, which was 150 ym X 3 cm in-house packed
with 3 ym C18 beads. The analytical column was a 75§ ym X
10.5 cm PicoChip column packed with 3 ym C18 beads (New
Objective). The flow rate was kept at 300 nL/min. Solvent A
was 0.1% FA in water and Solvent B was 0.1% FA in ACN. The
peptide was separated on a 60 min analytical gradient from 5%
to 50% of Solvent B. The mass spectrometer was operated in
the Full MS scan. The source voltage was 2.30—2.50 kV and
the capillary temperature 320 °C. Full MS scans were acquired
from 400 to 2,000 m/z at 60,000 resolving power and
automatic gain control (AGC) set to 3 X 10°.

MS data were processed using Skyline (ver. 20.2). The
integration and correction for the chromatographic peaks of 18
glycans were performed manually. Three of the most intense
precursor ions of each glycan were selected, summed, and
exported as the quantitative value of the corresponding glycan.
Total ion intensities were used to generate the plots.

Plots and Statistical Analysis

IT and DoC-based t-SNE plot was generated on RStudio ver.
1.2.5019 using the Rtsne package and the following
parameters: 2 dimensions, perplexity of 7, verbose = true,
1000 maximum interactions, and check duplicates = False.
Mixed effect ANOVA statistics were calculated using SAS
(SAS Institute, Cary, NC). Pearson’s correlations were
calculated using the function “cor.test” and method “pearson”
on RStudio ver. 3.1.1073. Violin and dot plots were generated
with GraphPad Prism 9.0.2 and that same software was used
for calculating the statistical significance by one-way ANOVA
with Tukey’s multiple comparison test (* p < 0.05; ** p <
0.01).

Data and Software Availability

Processed data sets utilized for the Ig-MS analyses can be
found on the MassiVE repository, MSV000087529. Custom
compiled code used to process and create I’MS files is already
available."® Bottom-up glycan data is available at Panorama
Public https://panoramaweb.org/nsRX7w.url. Additional de-
sired software and data that support the findings of this study
are available from the corresponding authors upon request.

Bl RESULTS AND DISCUSSION

Benchmarking the Ig-MS Assay

The RBD of the spike protein from SARS-CoV-2 (Wuhan
strain) was expressed, purified from HEK293 cells, and
characterized by both bottom-up proteomics (100% sequence
coverage) and Western blot (Figure S1). Purified RBD was
covalently attached to magnetic beads and used as bait for
binding and enriching antibodies against SARS-CoV-2-Spike-
RBD (Ig-RBD) from the plasma of COVID-19 convalescent
individuals (Figure 1A). One hundred nanograms of a standard
mAb CR3022 was used as an internal standard in all Ig-MS
analyses (see Materials and Methods).

Proof-of-concept experiments used samples derived from a
single COVID-19 convalescent individual featuring a high
ELISA titer of Ig-RBD, hereafter referred to as CSI
(commercial sample 1). Enrichments from plasma derived
from CS1 were performed to optimize parameters such as
covalent bead-loading chemistry, the wash, and elution buffer
conditions to increase capture and suppress nonspecific
binding (see Materials and Methods). As shown in Figure
1B, the optimized pull-down protocol for 100 yL of plasma
efficiently captured Ig-RBD, which was isolated with >90%
yield in the optimized elution conditions. Pull-downs from
CS1 were used to profile the antibody isotypes (IgA, IgD, IgE,
and IgM) and IgG subclasses (IgGl, IgG2, IgG3, and IgG4)
being enriched. A specific Western blot revealed that IgG1,
IgG3, and IgM were the primary isotypes isolated (Figure S2),
similar to what has been reported in the literature.’

Following antibody enrichment, isolated Ig-RBDs were
prepared for Ig-MS analysis (Figure 1A). In the preparation
workflow, Ig-RBDs were eluted intact, combined with 100 ng
of standard mAb CR3022, and fully reduced/denatured in the
presence of a chaotropic agent to liberate HC (48—55 kDa)
and LC (22—2S5 kDa) proteoforms. Finally, the liberated LCs
and HCs were precipitated via methanol/chloroform/water,
resuspended, and subjected to I"MS acquisition.

To benchmark Ig-MS, we first analyzed mAb CR3022 and
annotated the LC and HC proteoforms (Figure S3).
Subsequently, we estimated the Ig-MS limit of detection
(LOD) for the HC of NIST mAb (with glycosylation) at 100
nM, whereas the LOD for the LC was well below 10 nM
(Figure S4). Next, we performed Ig-MS on CS1, and Figure S5
shows the final I’MS spectrum obtained for the LC region and
the respective standard m/z spectrum obtained in a regular
MS1 experiment. Like in Figure 1C, the highlighted peak at
~24,268 Da represents the standard mAb CR3022 used to
calculate Ig-MS metrics, as outlined in eqs 1—3 in the Materials
and Methods. The other peaks with lower mass than the
standard LC, ranging from ~22 to 24 kDa, are distinct LC
proteoforms originating from B cell clones with different or
isobaric complementarity-determining regions (CDR) sequen-
ces in their variable regions. With this first glimpse of an Ig
repertoire at the LC and HC levels, the presence of distinct
proteoforms shows that single clone resolution is possible, with
some present at high titer (i.e., ~500 ng/100 uL plasma). The
current dynamic range for detecting different clones that
evolve after VD] recombination is approximately 100 (Figure
SS). This intraspectral dynamic range of 100 is much lower
than that previously reported by I*MS analysis. This decrease is
due to the large amount of antibody heterogeneity within a
small mass domain window. Although the overlap of similar
isotopic mass distributions causes mass profiles to appear more
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Figure 2. Ig-MS readouts on a COVID-19 cohort. (A—D) LC/HC spectral region and (E—H) expansion of the relative LC region for (A/E and B/
F, red) two hospitalized patients and (C/G, purple) one outpatient. The standard mAb (CR3022) (D/H, blue) that binds SARS-CoV-2-RBD was
used as a positive control (highlighted with gray vertical bar). (I) Ion titer (IT) and (J) degree of clonality (DoC) values obtained for all three
outpatients and seven hospitalized patients. Analyses were done in triplicate. (K) Correlation of IT and (L) DoC values from Ig-MS with RBD-
binding by ELISA, bioluminescent in vitro diagnostic (Promega), and surrogate virus neutralization. Shown are the Pearson correlation coefficient

(r) and p-value (p).

“noisy” in nature, each signal represented in the I"MS spectra
corresponds to a real antibody species. While more abundant
antibody species peek through the complex mass landscape,

their relative abundance to an antibody standard gives a view

into important information dealing with DoC and IT
calculations previously intractable via traditional m/z ensemble

ion collection schemes.
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Figure 3. Ig-MS readouts from the vaccinated cohort. LC spectra for (A) uninfected individuals before the vaccination (time 0), (B) vaccinated
individuals at 20 days after the first shot (time 1), and (C) at 28 days after the second shot (time 2); spiked-in standard mAb CR3022 highlighted
by a gray rectangle. (D) IT and (E) DoC values of Ig-MS for all time points. (F) Bioluminescent in vitro diagnostic (Promega) titer of anti-RBD
antibodies. (G) t-SNE plot generated with IT and DoC values from both analyzed cohorts.

Given that Ig-MS produced a new data type, we created two
new metrics. The IT is similar to an ELISA titer and uses the
intensity of the LC of the standard mAb CR3022 as a
reference. It combines intensity of all other LC peaks relative
to the mAb CR3022 and ranges from 0 to 100 (eq 1). The

second is the DoC, a metric demonstrating the proteoform
complexity of an LC spectral region in the mixture. DoC
ranges from 1 to infinity, with higher numbers reflecting the
presence of a more significant number of antibodies in a more
complex Ig-MS spectrum. For subject CS1, the calculated IT
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was 1.30, and the DoC was 3.64. We next sought to compare
these Ig patterns and new metrics across patients and perform
initial correlations with other COVID-19 antibody tests.

Ig-MS of an Initial Cohort

We deployed Ig-MS to survey the Ig population reactive to
RBD in a cohort of seven hospitalized patients with severe
COVID-19, three outpatients with mild COVID-19 disease,
and three uninfected healthy people (Table S1). The standard
mAb CR3022 and a commercial pooled serum acquired before
November 2019 served as positive and negative controls,
respectively. Importantly, the use of serum as control is valid as
previous works have established that SARS-CoV-2 antibody
measurements and characterization are not influenced by
differences in plasma vs serum isolation.>”

The HC and LC mass distributions obtained by Ig-MS
analysis are all shown in Figure S6 for this cohort, while
Figures S7 and S8 present expansion of LC and HC regions,
respectively. Figure 2A—D highlights HC/LC spectra and
Figure 2E—H expansion of LC regions exemplifying three
general groups of immunological responses: (1) high IT
(30.11) and low DoC (2.36) as observed in one of the
hospitalized patients (COVID-19 1) (Figure 2A/E); (2)
moderately high IT (14.87) and high DoC (7.25) as observed
for the hospitalized patient COVID-19 3 (Figure 2B/F); and
(3) low IT (0.65) and low DoC (3.08) as observed for the
outpatient COVID-19_6 (Figure 2C/G).

Distinct proteoform masses representing all the LCs were
clearly discernible. The LC proteoforms have a mass range
between 22 and 25 kDa (Figure 2 E/F/G) and comprise the
entire length of the LC, including the three CDRs (VL) and
conserved region (CL). We can identify x and 1 LCs in the Ig-
MS spectra based on the amino acid differences in the
conserved regions. In Figure 2F, the masses between 22.5 and
23 kDa belong to lambda LCs and those from 23 to 24 kDa to
kappa LCs.”* A correlation coefficient (eq 3) was calculated
and showed an average value of 0.95 for technical replicates.
Figure 2I/J displays the IT and DoC values for all samples
from the cohort. The IT values are significantly higher in
hospitalized patients (F = 12.64, 2, and 33 DF, p < 0.001)
compared to outpatients, a result corroborated with standard
serological tests from previous studies.*>*® No statistically
significant differences were observed for the DoC metric in
these groups.

We next probed the correlation of ITs and DoCs obtained
Ig-MS with titers of anti-RBD antibodies quantified with
ELISA* and a commercial in vitro bioluminescence
diagnostic. We also determined their correlation with
neutralization efficiency obtained with a spike-specific
pseudovirus neutralization test (Figure 2K/L, Figure S9, and
Table S1). Pearson’s correlation (r) indicated a positive
correlation of IT and the ELISA titers (r > 0.55) but with p-
values higher than 0.05 (Figure 2K). Furthermore, DoCs did
not correlate with the other assays (Figure 2L), indicating that
the number of different Ig signals produced by Ig-MS did not
show a correlation with neutralization potential or overall titer
in this initial study.

Ig-MS of a Vaccinated Cohort

To compare natural infection with vaccination, we used Ig-MS
to analyze plasma from uninfected subjects (time 0) that were
immunized with the BNT162b2 vaccine from Pfizer and
BioNTech. Specifically, we analyzed the same subjects at 20

days after the first shot (time 1) and 28 days after the second
shot (time 2).

Focusing only on the LC proteoform repertoire, at time 0
the Ig-MS spectrum for the uninfected subjects shows only the
LC of the standard mAb CR3022 (Figure 3A and Figure S10),
indicating the absence of patient-derived antibodies that
recognize SARS-CoV-2 RBD. After the first vaccine shot
(time 1), the emergence of several anti-RBD antibodies were
observed (Figure 3B and Figure S10). After the second shot
(time 2), there were substantial increases in the titer (IT) and
complexity (DoC) of anti-RBD antibodies (Figure 3C and
Figure S10). The increase of IT following the two vaccine
doses (Figure 3D) was statistically significant for times 1 to 2
(p-value 0.006) and 0 to 2 (p-value 0.00005), but not for time
0 to 1 (p-value 0.06) using a mixed model ANOVA testing the
effect of the three time points while allowing individual
subjects to have independent means. All p-values were
Bonferroni corrected for multiple testing. Additionally, the
DoC increase is also statistically significant comparing times 1
and 2 (p-value 0.002) for all individuals (Figure 3E),
representing the emergence of new LC proteoforms after the
second vaccine shot. Importantly, the IT results calculated with
Ig-MS are in accordance with what was observed using more
traditional titer assays, including the bioluminescent in vitro
diagnostic from Promega (Figure 3F) and ELISA (Table S1).

We also observed changes in the distribution and intensities
of the individual LC proteoforms. For example, the most
abundant LC antibody at time 1 for the vaccinated 1 subject
has a mass of ~22,700 Da and an intensity three times higher
than the standard mAb CR3022 (Figure 3B left panel). At time
2 for the same individual, the most abundant LC proteoform
has a mass of ~24,050 Da with an abundance approximately
two times higher than the mAb CR3022, and the LC at
~22,700 Da is only the fifth most abundant peak (Figure 3C
left panel) at this time. Such detection capability makes Ig-MS
the only method available that captures the longitudinal
dynamics of a subject’s antibody repertoire with single clone
resolution.

Finally, we used the IT and DoC values obtained from Ig-
MS to generate a t-SNE plot representing the antibody
responses of all analyzed subjects, including both the
vaccinated and infected cohorts. Figure 3G shows that
uninfected individuals cluster close to the COVID-19 out-
patients, and this cluster is far from the major cluster formed
by COVID-19 hospitalized and vaccinated individuals.
Furthermore, vaccinated individuals after the first dose (time
1) cluster together and are differentiated from the severe
COVID-19 patients and individuals after the vaccine boost
(time 2). These results show that after the second dose of the
vaccine, the antibody response measured by IT and DoC is
comparable to the one generated in COVID-19 hospitalized
individuals. Importantly, even one dose of the vaccine
generates a more robust immune response than the one
observed in COVID-19 outpatients.

Reducing HC Complexity Using IdeS

LC/HC Ig-MS analysis focuses almost exclusively on LC
proteoforms. Our early observation was that intact HC has a
higher LOD, highly complex distributions, with more over-
lapping isotopic distributions. Such complexity results from
highly variable glycosylation explicitly localized to the Fc
domain of the HC that modulates antibody effector function.
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Figure 4. LC/Fd Ig-MS readouts on the COVID-19 cohort. (A) Overview of sample preparation and readout for LC/Fd Ig-MS. Antibodies against
RBD are enriched from the plasma/serum of COVID-19 patients or control uninfected individuals with magnetic beads conjugated with RBD
protein. Before elution, RBD-specific Igs are digested with the IdeS enzyme to remove the Fc domain of the HC. The eluates are then reduced to

liberate LC and Fd, which are analyzed by I’MS. (B—E) LC/Fd sp

ectral region for (B/C, red) two hospitalized patients and (D, purple) one

outpatient. The standard mAb (CR3022) (E, blue) that binds SARS-CoV-2-RBD was used as a positive control (highlighted with gray vertical bar).
(F) Ion titer (IT) and (G) degree of clonality (DoC) values were obtained for three outpatients and seven hospitalized patients. Analyses were
done in triplicate. (H) Correlation of IT and (I) DoC values with RBD-binding by ELISA, bioluminescent in vitro diagnostic (Promega), and
surrogate virus neutralization. Shown are the Pearson correlation coefficient (r) and p-value (p).

To better capture the sequence variation of the HC, we
developed a second Ig-MS workflow that generates LC and the
Fd domain of the HC via a proteolytic digest step (Figure 4A).
Here, after interaction with the RBD, patient Ig-RBD is
digested with IdeS protease while still attached to the beads,

generating F(ab’), and Fc. The protease and Fc species
(containing HC glycosylation) are entirely washed away.
Eluted F(ab’), are denatured and reduced to yield the LC and
the Fd domain (~25—28 kDa), which contains the N-terminal
220 amino acids of the HC, before I*MS analysis. With LC/Fd
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Ig-MS, we can analyze Fd proteoforms that include three
CDRs from the HC (VH) and the constant region CHI.

We repeated Ig-MS analysis of the patient cohort presented
previously, this time using LC/Fd Ig-MS. Figure S11 exhibits
the obtained spectra for all samples. The spectra from patients
COVID-19_1 (Figure 4B), COVID-19_3 (Figure 4C), and
COVID-19_6 (Figure 4D) displayed the same immunological
response pattern as those obtained with LC/HC Ig-MS,
showing the self-consistency of the two workflows. Addition-
ally, the same basic patterns of LC proteoforms were observed
with both workflows applied to the same sample. For example,
a comparison of LC proteoform patterns for patient COVID-
19_3 showed a correlation coefficient of 0.77 (Figure S12). As
previously observed, IT values were statistically significantly
higher for hospitalized patients (F = 18.26, 2, and 33 DF, p <
0.001; Figure 4F) and there was no difference in the DoC for
the two groups (Figure 4G). A comparison of ITs calculated
for LC regions using both workflows revealed that despite
some differences in the range of ITs, there was a strong
correlation (R* = 0.88) between them, indicating a systematic
bias (Figure S12). We believe that this bias arises from the
differences in sample and standard preparation. However, the
average cross-correlation of the LC from the two studies is 0.78
+ 0.04, indicating that the ratios among peaks and the relative
proteoform amounts are conserved.

The ITs significantly correlate with ELISA titers (r = 0.68)
and the neutralization efficiency (r = —0.66) (Figure 4H). As
observed before, the correlation of ITs with the bio-
luminescence was also low (r < 0.47) and not significant. In
addition, DoCs did not correlate with any of the other assays
(Figure 41). Interestingly, both for LC/HC and LC/Fd Ig-MS,
there was a significant negative correlation between ITs and
days after infection, but not for DoC (Figure S13). These
results suggest that there is a reduction in the total amount of
antibodies over time, but the general degree of complexity in
the immune response does not change. Additionally, virus
neutralization appears more related to the total amount of
antibodies in the plasma than to clonal heterogeneity in the Ig
repertoire.

IgG Glycosylation Analysis

N-glycosylation at position 297 of the HC mediates the
antibody’s effector functions. Further, the glycan moieties are
highly variable and functionally relevant. To explore the IgG
glycosylation pattern of our three study groups, we used
bottom-up proteomics to quantify 17 different glycan
structures (attached to the IgG peptide) using Skyline™® and
the unmodified peptide.”’ A Benjamini and Hochberg
corrected ANOVA analysis on the results from the three
groups indicated that seven fucosylated glycans (G2F, GOFN,
G1FN, G2FN, G1FS1, G2FS1, and G2FS2) were differentially
regulated. A second one-way ANOVA with Tukey’s multiple
comparison test revealed that those fucosylated glycans were
down-regulated in the hospitalized group compared to the
uninfected group (Figure S14).

Additionally, the average percent of the total fucosylated
glycans was 53.9% =+ 17.7% for the hospitalized group and
95.5% + 0.8% for the uninfected individuals (Figure S15).
Similar results were previously reported,” and afucosylated
IgG induces antibody-dependent cellular cytotoxicity by
increasing IgG-Fc receptor Illa (FcyRIIIa) aﬂ’mity.41 Next,
we tried to correlate these results to the LC/HC Ig-MS
readouts. Unfortunately, the high mass complexity observed in

the HC region of workflow 1 generated from the different
amino acid sequences and the multiple glycans structures
pushes such analyses outside the scope of this initial study.

Ig-MS in Context

Antibody titers can be used to indicate the extent of immunity
and severity for diseases such as COVID-19.”>*° Ig-MS initial
results showed that IT calculated from LC spectra of LC/HC
and LC/Fd Ig-MS were self-consistent and correlated with
traditional colorimetric/fluorimetric tests and a surrogate
neutralization assay. The DoC metric and patterns of responses
did not correlate with these assays, yet their variance in the
human population needs to be determined. We observed
significant differences in hospitalized patients versus out-
patients as well as reduced IT over time of convalescence,
similar to previous reports.”> Vaccinated individuals featured
an increase in antibody intensity and clonal complexity
detected by significant IT and DoC rise over time. Preceding
reports">** showed an increase in antibody amounts and
neutralization capacity, but this is the first time we can resolve
and visualize the surge in antibody proteoform diversity at the
protein level. Additionally, fully vaccinated individuals had a
similar immune response to hospitalized patients. This initial
report demonstrates the functionality of Ig-MS, and prompts
three general use cases for this approach: (1) providing a new
longitudinally stable, multiparametric correlate of protection
for vaccinated and recovered individuals; (2) indicating the
course or stage of COVID-19 disease as a diagnostic or
prognostic indicator; and (3) striating lots of convalescent
plasma to quantify protective potential and better control
plasma collection campaigns in this or future pandemics.”
Moreover, antibody amounts and clonal variation can play a
complementary role in vaccine campaigns.

Ig-MS Future Directions

Reports in the literature have begun to quantify the extent of
convergence in the sequences of antibodies by deep
sequencing of B cell receptors.””*” These reports quantified
responses across over 100 people and thousands of B cells,
demonstrating the consistency of the stereotypical immune
response, and are a great resource to identify potential
therapeutic and prophylactic antibodies. Such convergence
can also be detected by Ig-MS because it provides intact mass
patterns that reflect the combination of LC and HC CDRs.
This is unlike approaches using tryptic digestion of antibod-
ies.57'*® Indeed, no technology can sequence whole,
endogenous antibodies directly in an Ig repertoire, but >80%
sequence coverage by direct fragmentation of LC and HC from
monoclonal antibodies is possible today.*’

Moving forward, we will expand the cohort sizes of
recovered and vaccinated studies into the hundreds to define
correlations with subjects to clinical metadata and other assays.
Importantly, Ig-MS is easily adaptable to other targets by
simply changing the bait antigen loaded onto the affinity resin,
enabling the use of the approach to investigate RBD Spike
proteins from SARS-CoV-2 variant strains (e.g, Beta and
Delta) to probe vaccination effectiveness and establish Ig-MS
utility as a new correlate of protection in serology. In addition,
there are reports of neutralizing epitopes in the N-terminal
domain (NTD) of Spike, and we can further probe this to
elucidate antibody repertoires.’’ Analysis of longitudinal
samples from individuals infected with SARS-CoV-2 and
after vaccination will track the immune response at high
resolution.*”>" Ig-MS should also be applicable to IgAs, IgM:s,
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and other isotypes of immunoglobulins in the adaptive
immune response.

B CONCLUSIONS

In summary, we report a new and unique data type for human
serology, using COVID-19 cases and vaccinated individuals as

the first examples. Until now, no serological test was capable of

accessing the relative abundance of each antibody generated

against a specific antigen. Ig-MS is the first method capable of

accessing amounts and relative abundance of antibodies

simultaneously using a fundamental advance in MS of

individual protein ions'® to create a unique display of the Ig
repertoire of a human being at molecular resolution. Ig-MS
successfully captured the clone populations of RBD-reactive
immunoglobulins and showed promising data on a limited
cohort of COVID-19 patients and vaccinated subjects. In the
future, a more automated form of Ig-MS will address larger
cohorts, use 10—100-fold less sample, and extensively sequence
CDR variable regions for comgarison with methods for single
B cell sequencing like Ig-seq.’
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