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Monoclonal antibodies are increasingly used to prevent and treat viral
infections and are pivotal in pandemic response efforts. Antibody-secreting
cells (ASCs; plasma cells and plasmablasts) are an excellent source of
high-affinity antibodies with therapeutic potential. Current methods to
study antigen-specific ASCs either have low throughput, require expensive
and labor-intensive screening or are technically demanding and therefore
not widely accessible. Here we present a straightforward technology for
therapid discovery of monoclonal antibodies from ASCs. Our approach
combines microfluidic encapsulation of single cells into an antibody
capture hydrogel with antigen bait sorting by conventional flow cytometry.
With our technology, we screened millions of mouse and human ASCs

and obtained monoclonal antibodies against severe acute respiratory
syndrome coronavirus 2 with high affinity (<1 pM) and neutralizing capacity
(<100 ng mI™) in2 weeks with a high hit rate (>85% of characterized
antibodies bound the target). By facilitating access to the underexplored
ASC compartment, the approach enables efficient antibody discovery and
immunological studies into the generation of protective antibodies.

Antibodies produced by ourimmune systemin response toinfection or
vaccination are invaluable tools in therapy, diagnostics and research.
Human immune repertoires are an excellent source for the generation
of potent antibody therapeutics and have been successfully used in the
fight against viralinfections, such as COVID-19 (refs.1,2). Human-derived
antibodies have advantages over animal-derived orin vitro-selected bind-
ers—they are human-compatible without optimization and are thought
to haveless off-target binding, amore favorable safety profile and better

overall developability®. Until now, human-derived therapeutic mono-
clonal antibodies (mAbs) against various infectious diseases have been
primarily sourced from memory B cells"* . These cells can be readily
selectedinahigh-throughput manner with fluorescently labeled antigen
baits by fluorescence-activated cell sorting (FACS) because they retain
the membrane-bound version of theirimmunoglobulins (Igs) onthe cell
surface®. Single-sorted cells are then sequenced to obtain the antibody
genes for recombinant expression.

'Department of Biochemistry, University of Cambridge, Cambridge, UK. 2MRC Toxicology Unit, Gleeson Building, Cambridge, UK. *Cambridge Institute for
Therapeutic Immunology and Infectious Disease (CITIID), Department of Medicine, University of Cambridge, Cambridge, UK. “Oxford Protein Informatics
Group, Department of Statistics, University of Oxford, Oxford, UK. °Department of Molecular Biology, Institute of Biochemistry, Faculty of Biology,
University of Warsaw, Warsaw, Poland. °NHS Blood and Transplant, Cambridge, UK. "These authors contributed equally: Aleksei Lulla, Tsz Y. So,

Pehuén Pereyra-Gerber, Matthew I. J. Raybould, Timo N. Kohler, Juan Carlos Yam-Puc.

e-mail: jedt2@mrc-tox.cam.ac.uk; fh111@cam.ac.uk

Nature Biotechnology | Volume 43 | June 2025 | 960-970

960


http://www.nature.com/naturebiotechnology
https://doi.org/10.1038/s41587-024-02346-5
http://orcid.org/0000-0002-6566-3038
http://orcid.org/0000-0002-5663-5297
http://orcid.org/0000-0003-1949-0655
http://orcid.org/0000-0003-4395-8844
http://orcid.org/0000-0001-5124-4548
http://orcid.org/0009-0003-9065-4736
http://orcid.org/0000-0002-0641-973X
http://orcid.org/0000-0002-4045-0474
http://orcid.org/0000-0003-1388-2252
http://orcid.org/0000-0001-8683-4070
http://orcid.org/0000-0001-8616-074X
http://orcid.org/0000-0002-1367-6312
http://crossmark.crossref.org/dialog/?doi=10.1038/s41587-024-02346-5&domain=pdf
mailto:jedt2@mrc-tox.cam.ac.uk
mailto:fh111@cam.ac.uk

Article

https://doi.org/10.1038/s41587-024-02346-5

In contrast, antibody-secreting cells (ASCs; plasma cells and plasma-
blasts) have been undervalued as arich source of highly specific antibod-
ies because of technological limitations and their limited accessibility in
peripheralblood’. Antibodies isolated from ASCs are thought to have on
average higher affinity than those derived from memory B cells”°. Addi-
tionally, ASCs areresponsible for the active humoralimmune response,
that is, they secrete the circulating antibodies that confer protection
againstinvading pathogens'. Interrogating this compartment therefore
bringsuscloser to understanding the secreted antibody repertoire and
canhelp bridge the gap between proteomic profiling of plasmaantibod-
iesand bulk sequencing of the B cell repertoire”.

However, studying the specificity of single ASCsis difficult because
they secrete their antibodies and express few or no Igs on the surface'.
For thisreason, ASCs cannot be interrogated by conventional FACS in
an antigen-specific manner with high throughput. Traditionally, the
ASC compartment has therefore been interrogated by either unbi-
ased plasmablast sorting™'*, which does not give information about
the antigen specificity of single cells, or enzyme-linked immunospot
(ELISpot) assays, which enumerate the frequency of antigen-specific
cells but are not able to recover their genotype®.

Because the percentage of suitable antigen binders within the
plasmablast population can be low, unbiased sorting can require sub-
stantial time and resource investment to screen antibodies from all
cells for validation of binding. Recently, approaches based on com-
partmentalization of single cells in water-in-oil emulsion droplets
have been applied in antibody discovery'*2° and sequencing® . Alter-
natively, antibody discovery from ASCs can be performed with com-
mercial optofluidic systems®*. However, functional assays in droplets
aretechnically demanding, and standalone machines are prohibitively
expensive, therefore both approaches are not accessible to the wider
research community.

We address the limitations of current ASC screening methods by
enabling the high-throughputinterrogation of antigen-specific ASCs
by conventional FACS. In our workflow, we first use droplet microflu-
idics to encapsulate single cells into an antibody capture hydrogel at
10 cells per h, creating a stable capture matrix around the cell that
enables the concentration of secreted antibodies and simple addi-
tion and removal of detection reagents. We then use the multiplexed
detection and high-throughput sorting capabilities of FACS toisolate
antigen-specific ASCs for single-cell sequencing and recombinant
antibody expression. The modular nature of the method enables its
extension to other secreted molecules by simple replacement of cap-
ture and detection reagents.

We demonstrate the utility of this approach by screening millions
of primaryimmune cells to isolate mAbs against severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) from mouse and human
ASCs. Tapping into these repertoires allowed us to collect a diverse
poolof sequences of secreted antibodies. Of arepresentative subset of
human antibodies, 95% bound the respective antigen, many with subna-
nomolar affinities and high neutralizing capacities (<100 ng ml™), high-
lighting the benefits of interrogating the locus of the active humoral
response. Our technology can generate pathogen-specific antibodies
within 2 weeks, both democratizing and fast-tracking the development
of antibody drug candidates.

Results
Antibody capture system and screening workflow
Identification of single antigen-specific ASCs presents a considerable
challenge—target cells secreting antibodies with desirable properties
havetobeselected fromavast pool of cells producing nonspecific bind-
ers while maintaining the link between the phenotype of the secreted
antibody and the cell that encodes its sequence (genotype).

We have addressed this challenge by compartmentalizing single
ASCsintoanantibody capture hydrogel by automated droplet micro-
fluidics (at a rate of up to 107 cells per h), followed by the selection of

the secreted antibody specificity with fluorescently labeled antigens
by FACS at asimilar speed (Fig. 1a). This combination of microfluidics
and FACS enables the high throughput that is crucial for the success
of antibody discovery campaigns.

Specifically, B cells are mixed with liquid benzylguanine (BG)-
agarose (at 37 °C) and encapsulated into monodisperse water-in-
oil emulsion droplets of 25 pm diameter at kilohertz rates. The
droplets are collected on ice (to solidify the agarose) and demulsi-
fied, creating a stable agarose microcompartment around each cell.
BG-modification creates covalent attachment sites for the SNAP-tag,
a 20 kDa engineered human O6-alkylguanine-DNA alkyltransferase
that reacts specifically, quickly and irreversibly with different
BG-containing substrates®. We synthesized BG-agarose by chemical
modification of commercial low-melting-point agarose in a simple,
two-step procedure (Extended Data Fig. 1a). To create an antibody cap-
ture matrix, we functionalized the BG sites with recombinant SNAP-tag
fusion proteins of single-domain antibodies (VHHs) that bind to the
constant region of antibody light chains (Fig. 1b; see Extended Data
Fig.2afor detailed considerations regarding the design of the capture
matrix)’*?. This capture approach is highly modular, as any protein
fused to the SNAP-tag can be immobilized in the agarose matrix.
Through covalent functionalization with antibody capture reagents,
antibodies secreted by encapsulated cells areimmobilized around the
cell, physically linking the secreted antibody and the cell of origin.
With two different VHHs, recognizing either k or A light chains, any
secreted antibody (for example, IgG, IgM and IgA) from any ASC can
be captured efficiently. Light-chain-mediated capture enables mul-
tivalent binding in the hydrogel (one IgG molecule has two constant
light chains). This capture mechanism leads to substantial avidity
effects that significantly decrease the apparent rate constant for the
dissociation (k. Extended Data Fig. 2b-d) and increase the half-life
ofthe VHH-antibody complex. Consequently, we expect minimal dis-
sociation of captured antibodies from the VHHs during the course of
the experiment. We have chosen VHHs as antibody capture reagents
due to their small size, high affinity, stability and straightforward
expression as SNAP-tag-fusions in Escherichia coli. Additionally, the
chosen VHHs do not exhibit binding to antibodies from other spe-
cies, which ensures their compatibility with antibody-based flow
cytometry stainings®*?.

In the hydrogel, antibodies and cells are accessible for staining
with fluorescently labeled detection reagents and antigens due to the
large pore size of the agarose (>100 nm”**%°), while unbound reagents
can be removed by washing. Additionally, the small size (25 pm diam-
eter) and monodispersity of the hydrogel beads enable sorting by
conventional FACS devices. Hydrogel beads can therefore essentially
be stained, washed and sorted like single cells, but they also provide
additionalinformation about the secreted antibody (secreted amount,
isotype and antigen specificity). Finally, single-sorted cells in hydrogel
beads are sequenced to enable recombinant expression and charac-
terization of antigen-specific antibodies. FACS allows the detection of
several phenotypic parameters or different antigensin one experiment
and the correlation of the sequence of single ASCs with phenotypic
antibody information through index sorting.

We estimated the capture capacity of the BG-agarose by reacting
BG-agarose beads (25 pum diameter, 1.5% (wt/vol) agarose) with differ-
ent quantities of a GFP-SNAP-tag fusion protein (GFP-SNAP), followed
by the analysis of the GFP fluorescence of the beads by flow cytometry
(Extended Data Fig. 1b). We observed saturation of the GFP signal at
over 10° immobilized GFP molecules per bead. In the literature, aver-
age secretion rates of single ASCs range from 10° to 10° antibodies
per s**?, indicating that a completely functionalized capture matrix
would not become saturated even after several hours of antibody
secretion. Notably, in our system, the number of antibody capture
sites is a function of bead size and the amount of added VHH-SNAP
and is therefore well-defined and controllable. In contrast to capture
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Fig.1| Workflow for high-throughput functional analysis of antibodies
secreted by single cells. a, Overview of the workflow—B cells (or enriched ASCs)
areisolated from mice (bone marrow or spleen) or human PBMCs. Cells are
mixed with liquid BG-agarose at 37 °C and encapsulated into picolitre water-in-
oil emulsion droplets using a flow-focusing junction. Droplets are collected on
ice for agarose gelation and demulsified, creating stable hydrogel beads around
each cell. The BG-agarose is converted into an antibody capture matrix by the
addition of recombinant capture reagents that are fused to the SNAP-tag, an
enzyme that reacts with BG moieties. During incubation, antibodies secreted

by asingle cell are captured in the hydrogel surrounding the cell. Cells that have
secreted antigen-specific antibodies are identified with fluorescently labeled
detection reagents (antigens, secondary antibodies and antibodies against
cell-surface markers), sorted using flow cytometry and sequenced. Antibody
sequences can be obtained within 4 days, and recombinant antibodies for testing
are generated in 2 weeks. b, Agarose-based antibody capture matrix. Agarose

is chemically modified to contain BG moieties that react covalently with the
SNAP-tag. Single-domain antibodies (VHHs) against the constant region of

antibody light chains are expressed as SNAP-tag fusions and immobilized in the
BG-agarose hydrogel, creating the capture matrix. ¢, Antibody capture by BG-
agarose hydrogel beads functionalized with VHH-SNAP. Antibody capture (anti-
streptavidin mouse IgG) and antigen binding (streptavidin-GFP) were analyzed
by flow cytometry. The plot shows at least 220 events per condition at a 5%
contour level. d, Antibody secretion by single OVA-specific mouse bone marrow
plasma cells. Representative confocal microscopy image from two independent
experiments showing a single cell encapsulated in VHH-functionalized BG-
agarose stained with fluorescently labeled OVA (AF555), anti-CD138 antibodies
(AF647) and anti-mouse IgG antibodies (AF405). e, Sorting of OVA-specific mouse
bone marrow plasma cells. Hydrogel beads containing plasma cells that secreted
OVA-specific IgG were sorted by FACS (gated as live/FLAG"/CD138"/IgM /1gG").
The plots show 10,168 (CD138") and 411 (IgG") events at 2% contour level. f,
Characteristics of mouse anti-OVA antibodies—variable domain genes (V and}),
third complementarity-determining region amino acid sequences (CDR3s) and
equilibrium dissociation constants (K).
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onthe cell surface®?*’, antibody capture capacity does not depend on

cell-intrinsic properties such as cell-surface molecules and should
therefore be relatively uniform across the ASC population.

Next, we showed that light-chain-mediated capture enables both
theinterrogation of antigen binding and the detection ofimmobilized
antibodies by flow cytometry (Fig. 1c). We captured a commercial
anti-streptavidin antibody (IgG) in VHH-functionalized BG-agarose
beads and stained the beads with both streptavidin-biotin-GFP and
anti-IgG antibodies. Analysis by flow cytometry confirmed that cap-
tured antibodies can simultaneously bind to the functionalized aga-
rose, the antigen, and the detection antibodies. Consistent with these
findings, the epitopes of VHHs, anti-IgG antibodies and antigens do
not overlap (Extended Data Fig. 2e,f).

Antibody capture from single mouse bone marrow plasma
cells

With a capture system for secreted proteins at hand, we established
anantibody discovery workflow with primary immune cells. To deter-
mine cell survival in the hydrogel and optimal duration of antibody
secretion, we isolated mouse bone marrow plasma cells (CD138") by
positive magnetic selection and encapsulated them into BG-agarose.
We found that the encapsulation process did not affect the viability of
CD138" cellsand that cells remained highly viable (92%) in the hydrogel
even 4 h after encapsulation (Extended Data Fig. 3a). To establish the
time window for secretion, we functionalized the BG-agarose hydrogel
with anti-mouse Kk VHH-SNAP and monitored theimmunoglobulin G1
(IgG1) secretion signal over time by flow cytometry (Extended Data
Fig.3c,d). We found that the percentage of IgG-secreting plasma cells
increased over time, while the background IgG signal of beads that
did not contain a plasma cell (CD138") increased only considerably
after1hand 45 min of incubation. Non-encapsulated CD138" cells were
IgG1-negative because mouse bone marrow plasma cells do not express
surfacelgG**. We measured IgG levels in the supernatant by ELISA and
found that the antibody levels generated by encapsulated cells slightly
increased over time compared to background but remained outside of
the quantifiable range of the assay and were considerably lower than
in the supernatant of not encapsulated cells (Extended Data Fig. 3b).
Based onthesecretion time course data, we believe that the method is
robust for atime window of 30 minto1 hand 45 minasitis possible to
identify adistinctIgG* populationin these samples while still maintain-
ingalow level of background. For antibody selections, we chose1 hand
45 min as this longer secretion time enables the detection of a larger
proportion of ASCs while still being short enough to fit the antibody
selection experimentinto asingle day.

We thenimmunized mice with hen egg ovalbumin (OVA) to obtain
OVA-specific B cells (Extended Data Fig. 4). To visualize secretion and
capture of OVA-specific antibodies, we stained cells compartmental-
ized into VHH-functionalized hydrogels with fluorescently labeled
antibodies against CD138, secondary antibodies against IgG and
fluorescently labeled OVA. By confocal fluorescence microscopy, we
observed colocalization of IgG and OVA signalin the hydrogel around
thecell, indicating secretion of OVA-specificIgG (Fig.1d). The IlgG and
OVAsignal distributionin the bead and the lack of IgG signal onempty
beads suggest no substantial cross-contamination (Extended Data
Fig.4a,band Supplementary Fig. 4).

To obtain OVA-specific antibody sequences for recombinant
expression, we encapsulated bone marrow-derived plasma cells for
sorting by FACS (Extended Data Fig. 4c). After incubation, hydrogel
beads were stained with fluorescently labeled monomeric OVA, anti-
bodies against B cell and ASC surface markers (B220 and CD138), an
anti-FLAG antibody for labeling of VHH-functionalized hydrogels, as
wellas anti-IlgGand IgM secondary antibodies. We hypothesized that
inthe absence of VHH, secreted antibodies are removed during wash-
ing steps due to the low background binding and large pore size of the
agarose. Only samples to which VHH-SNAP had been added contained

anlgG’population, confirming VHH-specific retention of antibodies
and excluding the staining of cell-surface Igs (Extended Data Fig. 4d).

Plasma cells secreting OVA-specific antibodies (Fig. 1e and rep-
resentative gating strategy in Extended Data Fig. 4e) were sorted
into single wells of 96-well plates, and antibody variable genes were
obtained by RT-PCR followed by Sanger sequencing. We recombinantly
expressed two antibodies and found that they both bound OVA with
high affinity using biolayer interferometry (BLI) (K, values of 2.36 nM
and 0.68 nM, respectively; Fig. 1fand Extended Data Fig. 4f), suggesting
that high-affinity binders canbe identified by our workflow. Inaddition
to bone marrow-derived plasma cells, we also analyzed OVA-specific
spleen-derived ASCs (Extended Data Fig. 5). With this setup, we can
therefore screen millions of cells in a matter of hours and generate
high-affinity mAbs from primary mouse immune cells.

Direct discovery of mouse anti-SARS-CoV-2 receptor-binding
domain (RBD) antibodies

Wethen assessed our ability toisolate high-affinity antibodies against
arelevant pathogen antigen. We immunized mice with the RBD of the
wild-type (WT) SARS-CoV-2 spike protein, enriched plasma cells from
bone marrow and used them in our workflow (Fig. 2a). Plasma cells
secreting RBD-specific IgG antibodies were sorted with fluorescently
labeled RBD-streptavidin tetramers into single wells of 96-well plates
for Sanger sequencing (Fig. 2b and gating strategy in Extended Data
Fig. 6b). Secreted antibodies could be identified by comparing the
IgG signal of samples with and without VHH addition (Extended Data
Fig. 6a).

We found 54 antibody sequences, belonging to 21different heavy
variable (HV) and light variable (LV) gene pairs (Fig. 2c) and represent-
ing 20 distinct VH clonotypes (Methods). Within this diversity, there
were five highly expanded clones (=3 members), including an /IGHV9-1
clone (20 members, 37% of all, representative CORH3 VRAGPSYAMDY)
and an /GHV1-76 clone (7 members, 13% of all, representative CDRH3
ARYPLYDYDEEDYFDY). This observation of exceptional clonality
among an antigen-specific plasma cell-derived population of anti-
bodies is consistent with a recent mass-spectrometry-based proteomic
study of resting and postinfection human IgG antibody repertoires™
and highlights that our method can offer insight into the most domi-
nantantibodiesinanorganism’s active antigen response. Clonal com-
parisonsto the Coronavirus Antibody Database (CoV-AbDab)* revealed
thattwo of our antibodies belonged to the same VH clonotype as anti-
bodies from a separate survey® into the mouse lymph-node-derived
plasmablast response to SARS-CoV-2 spike (mRBD1 clustered with
2C02 and 2D01 and mRBD10 clustered with 1A10), suggesting that
immunodominance can be detected among ASC-derived antibodies.
Compared to the surface Ig-based sorting of plasma cell precursors™,
our study adds insight into the secreted antibody response by fully
differentiated plasma cells.

To confirm SARS-CoV-2 RBD binding and perform further func-
tional profiling, we recombinantly expressed 26 representative anti-
bodies asfull-length mouse IgG1 (Supplementary Table1and full-length
sequencesinSupplementary Table 2). Inanindirect ELISA against RBD,
we found that 22 antibodies (84.6%) bound RBD at the tested concen-
trations (up to 400 nM antibody; Fig. 2d and Extended Data Fig. 6c),
including the representatives of all five of the most expanded clones.

To determine whether the RBD-specific binders were also able to
neutralize SARS-CoV-2, we used luminescent reporter cells to perform
live virus neutralization assays® . Despite the high apparent affinity
of our plasma cell clones, only two antibodies (mRBD1 and mRBD2
(belonging to the fifth most expanded clone)) were able to neutralize
WT SARS-CoV-2withanICs,0f3.17 pg mi™and 4.61 pg ml™, respectively
(Fig.2e and Extended DataFig. 6d), highlighting that selection of an anti-
bodyinanimmune response does not guarantee neutralizing capacity.

To further characterize mRBD1and mRBD2, we determined their
binding affinities to RBD (Extended Data Fig. 6e) and performed
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Fig.2|Generation of mouse anti-SARS-CoV-2 RBD antibodies. a, Mouse
immunization and analysis scheme. Bone marrow plasma cells (CD138") were
magnetically enriched and then used in our workflow. RBD-specific plasma

cells were sorted with fluorescently labeled RBD-streptavidin tetramers.

b, Sorting of RBD-specific mouse plasma cells. Cells were gated as live/CD138",
and IgG-secreting RBD-specific plasma cells were sorted by FACS. The plots show
79,629 (CD138") and 1,623 (IgG*) events at 2% contour level. ¢, Overview of antibody
sequences of sorted plasma cells. In total, 54 paired heavy- and light-chain
sequences were obtained. The pie chart shows the 21 observed HVand LV gene
combinations (HV-LV). HV-LV pairings are colored by the HV gene. Combinations
that were characterized are shown in darker shades, while combinations that were
not expressed are shownin lighter shades. The three most expanded expressed
HV-LV combinations are highlighted with their CORH3 amino acid sequence

and frequency. d, Summary of anti-RBD ELISA. The plot shows the EC5, withan
antibody concentration range of 0.0002-400 nM. Antibodies that did not bind
RBD at400 nM are shown atan arbitrary ECs,0f 1,000 nM (gray diamonds). e,
Characteristics of mouse anti-SARS-CoV-2 RBD antibodies with neutralizing
capacity—variable domain sequences (V and ] genes), third complementarity-
determining region amino acid sequences (CDR3), equilibrium dissociation
constants (K,) and IC,, against WT SARS-CoV-2.f, In-tandem epitope binning
experiment withmRBD1and mRBD2. g, Crystal structure of mRBD2 with SARS-
CoV-2RBD (PDB: 8BE1). Top left, the RBD (green) in complex with mRBD2 Fab
fragment (purple and pink for light and heavy chains) is superimposed with RBD
complexed with ACE2 (gray; PDB: 6M0)J), showing how the Fab fragment overlaps
significantly with ACE2. The main figure shows details of the RBD loop (green
carbon atoms) binding to the CDRs of the mRBD2 Fab fragment.

in-tandem epitope binning assays by BLI (Fig. 2f). The binning assay
indicated that the two antibodies do not share the same binding site
onRBD, asanincreasein BLIsignal was observed when antibodies were
added sequentially toimmobilized RBD.

To provide further insights into the binding mechanism of mouse
ASC-derived RBD-binding antibodies***°, we obtained a co-crystal struc-
ture of the Fab fragment of mRBD2 with RBD. The structure shows that
mRBD2bindstoalongdisulfide-bonded loop (residues 474-489) onthe

RBD thatis part of the angiotensin-converting enzyme 2 (ACE2)-binding
interface (Fig. 2g). In the antibody, the binding site is formed of CDR2
and CDR3 from both light and heavy chains. Phe487 and Tyr489 of
the RBD interact with CDR2 of the heavy chain, and Asn487 is hydro-
gen bonded to both heavy and light chains. Ser477 hydrogen bonds
to heavy-chain CDR3, while Thr478 hydrogen bonds to light-chain
CDR3. The conformation of the RBD loop itself is almost identical to
thatseeninthe ACE2:RBD complex while moving through a hinge-like
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Fig.3|Generation of human anti-SARS-CoV-2 RBD antibodies. a, Human
anti-RBD antibody discovery. B cells were negatively selected from fresh or
frozen PBMCs 7-9 days after the second BNT162b2 vaccine dose and then
used in the workflow. RBD-specific ASCs were sorted with fluorescently
labeled RBD-streptavidin tetramers. b, Sorting of RBD-specific human ASCs.
Representative layout for sorting of IgG*/RBD" hydrogel beads obtained from
the encapsulation of fresh B cells on d9 post vaccination. Hydrogel beads
were gated as live/CD207/CD38*/IgM7/IgG*. The plot shows 1,484 events at

2% contour level. ¢, Overview of sequences of human ASCs sorted with RBD.
In total, 185 paired heavy- and light-chain sequences were obtained. The pie
chartshows the observed HV-LV combination colored by the HV gene. HV-LV
combinations that were expressed recombinantly are highlighted with their
clone names and shown in a darker shade. d, Affinities (K,,) of human anti-RBD
antibodies. One antibody (gray diamond) did not show binding to RBD at the

tested concentrations. e, Neutralization of WT and Omicron BA.1SARS-CoV-2 by
human anti-RBD antibodies. ICs, was calculated from experiments performed in
duplicate. Antibodies with no quantifiable neutralizing capacity at the highest
concentration tested (100 pg ml™) are shown at an arbitrary ICs, 0f 1,000 ug mi™*
(gray diamonds). The ten antibodies with the lowest IC;, against WT SARS-CoV-2
were also tested against Omicron BA.1SARS-CoV-2. Antibodies neutralizing
both variants are highlighted in red with their clone names. Neutralization of
WT SARS-CoV-2 by the REGEN-COV (Ronapreve) mAb cocktail (casirivimab and
imdevimab) was tested in the same assay (blue diamond). f, Sandwich epitope
binning experiment with pairs of neutralizing human anti-RBD antibodies. In
the network plot, the nodes show the antibody clones, the connections indicate
pairwise blocking and the shaded areas indicate whether the antibodies belong
to the same clonotype. Colorsindicate the VHgene asinc.

motion by a few Angstrom relative to the rest of the RBD (Supplemen-
tary Fig. 5). Comparison of mRBD2 with the ACE2-blocking mouse
plasmablast-derived antibody 2B04 (ref. 40) showed that their bind-
ing sites on RBD partially overlap, hinting at similar neutralization
mechanisms.

Direct discovery of human anti-SARS-CoV-2 RBD antibodies

To demonstrate that our technology has utility in pandemic response
efforts, we adapted our protocol to isolate antibodies directly from
humans. mAbs derived from humans after infection or vaccination have
been shown to be efficacious and well-tolerated in the human body,
representing a fast track to therapeutic development®, Furthermore,
studying antigen-specific plasmablasts gives unique insights into the
postinfection and vaccine responses of different individuals**%

To adjust the workflow for the capture of human antibodies, we
exploited the modular setup of the capture system and exchanged the
anti-mouse VHH with anti-human k and A VHHs?’. First, we activated
normal peripheral blood mononuclear cells (PBMCs) in vitro to stimu-
late antibody secretion* and were able to detect antibody secretion and
capture from single cells (Extended Data Fig. 7). The compatibility of
the workflow with ex vivo-activated cells highlights the versatility of

the technology and expands the scope of the method to the analysis
of activated memory B cells.

Next, we identified SARS-CoV-2 RBD-specific antibodies directly
from human antibody-secreting plasmablasts. We isolated PBMCs
7-9 days after the second dose of the mRNA vaccine BNT162b2 and
enriched for B cells by negative selection (Fig. 3a). After encapsula-
tion into BG-agarose and functionalization with anti-human k and A
VHH-SNAP, we observed a distinct IgG-secreting, RBD-positive ASC
population (Fig. 3b and Extended Data Fig. 8a,c). We then compared
the antigen-specific signal of all plasmablasts in the sample with added
VHH (enabling analysis of secreted antibodies) with the same sam-
ple incubated and stained in the same way but without the capture
construct (-VHH, only RBD-specific antibodies on the cell surface
can be investigated; Extended Data Fig. 8b). We did not observe an
antigen-specific plasmablast population (RBD") in the sample without
capturereagent, providing evidence that the antibodies we discovered
could not have been identified by FACS surface staining alone under
these experimental conditions. Our results do not exclude the pos-
sibility that cells with surface Ig that specifically bind to RBD occur in
the population, but our approach specifically targets ASCs and would
thus not retainthemapriori.
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We sorted IgG-secreting RBD-positive cells from fresh or cryo-
preserved samples into single wells of 96-well plates for sequencing.
Comparedto freshlyisolated PBMCs, ASC recovery and IgG secretion
fromcryopreserved samples were decreased, but no differenceinthe
frequency of RBD-specific ASCs was observed (Extended Data Fig. 8c).
Reduced ASCrecovery from cryopreserved samples compared to fresh
samples hasbeenreported in the literature*.

Fromjust oneindividual, we obtained 185 plasmablast sequences,
belonging to a broad spread of HV-LV gene pairs (Fig. 3¢). The 185
antibodies spanned 156 different VH sequences and 111 different VH
clonotypes (Methods). Asin the mouse study, we observed a population
of extremely expanded VH clonotypes. Fifteen clonotypes had occu-
pancy of >3 members, including an /IGHV4-34 clone (10 members, 5.4%
oftotal, representative CDRH3 ARAHLIGDCGGGSCYSGPDPSNWFDP),
an /GHV4-39 clone (8 members, 4.3% of total, representative CDRH3
ARRRAGSYFKDLFDY) and an/GHV7-4-1 clone (8 members, 4.3% of total,
representative CDRH3 ARVGRAAIAALDDAFDI).

Clonal clustering against the thousands of human SARS-CoV-2
response antibodies in CoV-AbDab showed that 17 (9%) of our plas-
mablast sequences belonged to the same VH clonotype as antibodies
already characterized to be aSARS-CoV-2RBD binder™. Several of these
belonged to immunodominant VH clonotypes based on their identi-
fication across numerous independent studies on alternative B cell
compartments from SARS-CoV-2 convalescent patients (such as IGHV3-
53 with representative CDRH3 ARDLGEAGGMDV—four sequences
in our study and six sequences from six other studies as of February
2022 (refs. 45-50)). This clustering demonstrates the presence of
RBD-reactive bulk B cell and memory B cell clones among a postvac-
cination ASC population, confirming their differentiation/expansion
as part of the active immune response against SARS-CoV-2.

Additionally, we performed Fv region structural clustering of
our sequences alongside CoV-AbDab using the Structural Profiling of
Antibodies to Cluster by Epitope (SPACE) protocol®, which clusters
anti-coronavirus antibodies by predicted structure and cangroup them
into sets that bind the same antigenic site. This enables an orthogonal
consideration ofimmunodominant epitopes because antibodies that
have the same topology but belong to a different VH clonotype can
recognize the antigen with the same binding mode. SPACE yielded an
additional 13 shared clusters for CoV-AbDab, highlighting cases where
the same epitope was likely to be targeted, although the sequences did
not belong to the same clonotype.

We then expressed 16 antibodies that either belonged to the
most prevalent clonotypes not yet presentin the CoV-AbDab (hRBD1-
8, belonging to three different clonotypes) or were implicated in
RBD binding based on SPACE structural clustering with antibodies
found in the CoV-AbDab (hRBD9-16, belonging to eight different
clonotypes) as full-length human IgG1 (Supplementary Table 3 and
full-length sequences in Supplementary Table 4). Of these antibod-
ies, 94% (15/16) bound RBD at the tested concentrations with affini-
ties in the low picomolar to nanomolar range (Fig. 3d). Of the RBD
binders, 80% (12/15) were also able to neutralize WT SARS-CoV-2.
Among these, ten antibodies showed high neutralizing capacity,
with IC;, values comparable to the REGEN-COV (Ronapreve) mAb
cocktail (range approximately 10-100 ng ml™; Fig. 3e). As observed
for many other antibodies induced by WT SARS-CoV-2 (refs. 52,53),
neutralizing capacity against Omicron BA.1 SARS-CoV-2 was gener-
ally reduced. Nonetheless, it was still quantifiable for five of our
antibodies (Fig. 3e), and one antibody (hRBD16) retained most of
its neutralizing capacity (ICs, of 68 ng ml™ against WT compared to
398 ng ml*against Omicron BA.1). hRBD16 is highly homologous to
CAB-B37,amemory B cell-derived antibody that can neutralize a wide
range of SARS-CoV-2 variants®*, suggesting that hRBD16 might also
be broadly neutralizing. We used epitope binning by BLI to further
characterize seven strongly neutralizing antibodies and determined
that they bound to two distinct competition regions on WT RBD

(hRBD3/4/9/12/16 and hRBD5/8 bound to the same regions; Fig. 3f).
Conversely, the differences in neutralizing capacity against Omicron
BA.1(hRBD3/4/16 neutralized Omicron BA.1, while hRBD9/12 did not)
indicate that although these antibodies bind to the same region on
the RBD, they interact with different residues.

Selection of specific binding sites during ASC screening

To take advantage of the multiplexed readout of FACS, we then aimed
toselect specificbinding properties detectable during the single-cell
screen. As a proof of concept, weisolated antibodies that bind to the S1
region of the spike protein but do not bind to the RBD. We encapsulated
B cells isolated from PBMCs 7 days after the second BNT162b2 dose
and stained hydrogel beads with fluorescently labeled S1-streptavidin
and RBD-streptavidin (Fig. 4a). We observed a distinct S1-positive but
RBD-negative population and sorted and sequenced all antigen-specific
IgG-or IgA-positive ASCs (Fig. 4b and secretion control/gating strategy
in Extended Data Fig. 9a,b). We selected four sequences that showed
the largest S1/RBD FACS signal ratio for expression as full-length human
IgGl (highlighted as red squares in Fig. 4b and sequence information
inSupplementary Tables 3 and 4). We were able to obtain the binding
affinities of three antibodies and found that they bound S1 with affini-
tiesinthe picomolar range (Fig. 4c). One of the antibodies (hS1-1) was
able to neutralize WT SARS-CoV-2 with an IC,, 0f102.9 ng ml™ (Fig. 4c
and Extended Data Fig. 9¢) but did not show neutralizing capacity
against the Omicron BA.1 variant (Supplementary Fig. 7). We verified
binding of allantibodies to S1but not RBD by ELISA (Fig. 4d), suggesting
that we successfully selected for S1but not RBD binding in our screen.
Theseresults highlight the advantages of the multiplexed, FACS-based
readoutasitenables usto preselect relevant candidates (for example,
bindersto specific epitopes or multiple viral variants) and focus atten-
tion on the downstream characterization of antibodies with specific
properties rather than investing resources in the expression of many
potentially unsuitable candidates.

Discussion
Our work establishes a fast, simple, high-throughput approach for
the selection of functional, high-affinity antibodies from an under-
explored B cell compartment. We generated antibodies directly from
ASCswithout the need to prepare aDNA library, using straightforward
microfluidicequipment and acommercial flow cytometer. Antibodies
are screened in the full-length IgG format, and functional characteri-
zation can be achieved as quickly as 2 weeks after obtaining samples
by asingle researcher without automation. We have illustrated the
versatility of this approach by analyzing different species (mouse and
human) and cells from different tissues (bone marrow plasma cells,
splenic ASCs, ex vivo-stimulated PBMCs and PBMCs post vaccination).
Our antibody discovery campaigns showcase the ability of our
technology to generate high-quality mouse and human antibodies.
Thebest postvaccination antibodies we characterized have exception-
ally high binding affinities (<1072 M) and neutralizing capacities (10-
100 ng mI™) comparable to a clinical-stage antibody cocktail. Affinities
and neutralizing capacities were also equivalent to those of memory
B cell-derived antibodiesisolated by linking B cell receptor to antigen
specificity through sequencing (LIBRA-seq) after natural infection®,
highlighting that the results obtained with our technology match those
ofanestablished protocol but provide insights into acompartment not
yetstudied with LIBRA-seq (Extended DataFig.10). Five of our human
antibodies also showed neutralizing capacity against Omicron BA.1,
demonstrating that cross-neutralizing activity can be isolated from
the plasmablast population after vaccination against WT SARS-CoV-2.
Thesebinders were isolated fromasingle human donor without prior
screening of serumor plasmafor neutralizing capacity. In addition, our
discovery campaigns were highly efficient, with a true positive rate of
>85% for all antibodies and 95% for plasmablast-derived antibodies. In
contrast, arecent study performing unbiased sorting of plasmablasts
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Fig. 4| Generation of human anti-SARS-CoV-2 S1antibodies that do not bind
the RBD. a, Human anti-S1antibody discovery. B cells were negatively selected
from PBMCs 7 days after the second BNT162b2 vaccine dose and then used in the
workflow. RBD/S1-specific ASCs were sorted with fluorescently labeled RBD- and
S1-streptavidin tetramers. b, Index sorting of S1-specific human ASCs. Layout
for sorting of 1IgG- or IgA-secreting ASCs isolated on day 7 post vaccination with
fluorescently labeled S1-and RBD-streptavidin tetramers. Based onindex sorting,
theratio of the SI/RBD fluorescence signal was calculated for all sequenced
cells, and four sequences that corresponded to events with the highest S1/

RBD fluorescence signal ratio were selected for expression (highlighted as red
squares). The plot shows 719 events at a 5% contour level, and the percentage

0.1 1 10

Antibody (nM)

of eventsin each window isindicated. ¢, Characteristics of human anti-S1
antibodies—variable domain genes (V and)), third complementarity-determining
regionamino acid sequences (CDR3), equilibrium dissociation constants (K,)
and ICy, against WT SARS-CoV-2. En dashes (-) denote that binding or inhibition
was not quantifiable at the tested concentrations. d, Anti-S1and anti-RBD

ELISA of anti-S1antibodies. An RBD-binding positive control (human IgGlk,

clone AM001414; BioLegend) is shown in black, and anisotype control (human
IgGlk, clone QA16A12; BioLegend) is shown in gray. The table shows the ECs,
withanantibody concentration range of 0.0002-400 nM. The plots show mean
values * s.d. of two independent experiments performed in duplicate.

after BNT162b2 vaccination yielded on average 20.3% (42 binders of
206 expressed antibodies) of true hits*>. By enabling antigen-specific
sorting, our technology is therefore much more efficient thansorting
based on cell-surface markers alone.

Antigen-specific sorting of human peripheral blood plasmablasts
based on surface Ig has been performed previously*®, but we believe
that targeting secreted antibodies rather thanrelying solely onsurface
Ig staining is valuable in antibody discovery because a much larger
proportion of the antigen-specific ASC repertoire can be accessed.
Plasmablasts exhibit heterogeneity in surface Ig levels and, in par-
ticular, show little or no expression of surface IgG, the most relevant
therapeutic antibody format®’*°. The majority of plasmablasts (up to
80%)°” have lost Ig surface expression and can therefore not be selected
based on cell-surface staining. Additionally, antigen-specific staining
of downregulated surface Igis less sensitive than staining of antibodies
that are secreted in large quantities. Because only a small fraction of
the antibody repertoire is accessible and the amount of primary human

material is usually limited, screening alarger proportion of the popula-
tion increases the chances of finding effective binders.

Leveraging the high throughput of FACS for secreted antibody
screening enables the analysis of >10” hydrogel beads per h, so even
rare antigen-specific ASCs in heterogeneous cell populations can be
identified. As highly potent and broadly protective binders canberare,
our high screening capacity increases the likelihood of isolating pow-
erfuldrug candidates’. Another advantage of a flow-cytometry-based
readoutisthat multicolor sorts areastandard procedure, enabling us
to test binding to several different antigens or the detection of differ-
ent antibody isotypes. We have demonstrated sorting with different
antigens by selecting antibodies that bind to SARS-CoV-2 spike S1but
notthe RBD.Inthefuture, screening with several antigen variants could
beusedtoidentify antibodies against highly conserved epitopes, which
increases the likelihood of isolating broadly neutralizing antibod-
ies and can help define rational antigens for vaccination®. Further-
more, multicolor FACS enables counter-selection in the presence of
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inhibitors or competitors (such as ACE2)* or screening for orthologue
cross-reactivity for testing in animal models®.

More generally, this methodology could be used for antibody
discovery outside of the context of infectious diseases, for example,
by harnessing (humanized) mice for the development of therapeutic
antibodies against cancer. Due toits high throughput, our technology
couldserve asafast,economical and scalable alternative to hybridoma
screening. Generation of hybridomais time consuming (months) andis
usually performed in microtiter plates, which have very low throughput
and use more resources than our screening format®.

The concept of hydrogel-mediated capture of secreted proteins fol-
lowed by FACS hasbeen proposed before but hasnotbeen applied tothe
selection of functional, recombinant antibodies from naturalimmune
responses® ¢, Additionally, in contrast to a previously described micro-
droplet generation method that created polydisperse hydrogel beads
of up to 55 pum in diameter®, controlled microfluidic encapsulation of
cells creates smaller, monodisperse hydrogel beads, which facilitates
sorting. The combination of single-cell microfluidic encapsulation with
FACS also has advantages over methods solely based on microfluidics.
Compared to fully microfluidic workflows, we offer asimpler alternative
that achieves higher throughput without extensive setup or optimiza-
tion. Anadvantage of microfluidic sorting is that custom software solu-
tions enable real-time processing of the fluorescence signal time trace
and therefore allow differentiation of signal localization, which can be
used to select for specific binding properties such as binding to target
cells”. However, commercial FACS instruments achieve sorting rates
more than ten times higher than droplet microfluidic sorters previ-
ously used for antibody discovery (200-600 Hz)"**“¢ and enable more
complex, multicolor sorts and retrospective identification of (antibody)
phenotype throughindexsorting. The throughput of our methodis also
orders of magnitude higher thanthat of microchamber-based microflu-
idic systems (1,000-10,000s of cells per chip)® "', While some of these
approaches have delivered functional antibodies, they are less acces-
sible to researchers owing to cost or proprietary protocols. Compared
to methods that use cell-surface capture combined with FACS****72, we
propose adefined systemin which we can control the amount of capture
reagentindependently of cell-surface molecules and without modifying
the cell surface. For agiven density of capture reagent, capture capacity
in the 3D volume of the hydrogel is higher than on the 2D cell surface,
enabling longer secretion times and therefore inclusion of slow secre-
tors and better signal-to-noise ratios in populations with many highly
secreting cells. For example, the average number of CD45 molecules
available for CD45-mediated capture is 5 x 10° on peripheral blood B
cells (CD19*)” compared toa capture capacity of up to10° in our system.
The agarose hydrogel around the cell captures enough antibodies to
be used withboth monomeric (OVA) and tetrameric (RBD-streptavidin
and Sl1-streptavidin) antigens without the signal amplificationrequired
in previously described methods™®. Additionally, covalent cell-surface
modification®’? can impact cell viability and functionality in down-
stream assays.

Our technology can also offer insights into immunobiology. By
facilitating access to the ASC compartment, we can now look into con-
trasting the affinities, variant specificities and biophysical properties
of ASC-derived antibodies relative to those of other compartments. In
thisinitial study, we have outlined how our antigen-specific plasmablast
sequence profiles can be compared with anti-SARS-CoV-2 antibodies
reported in studies on different individuals and B cell compartments
to offer finer-grain insights into immunodominance—the phenom-
enon that underpins convergent viral mutation. This understanding
canbe used to prioritize candidates tactically, considering both their
functional efficacy and their likelihood of withstanding viral natural
selection pressures™.

Finally, the experimental frameworkintroduced in our study can
beextended to other secreted proteins, such as antibodies from other
species® or cytokines, because the modular design of our capture

system (BG-agarose and SNAP-tag protein fusions) allows rapid adap-
tation. We hypothesize that light-chain-mediated capture, as used in
our system, could also enable interrogation of other characteristics of
the secreted antibodies, such as glycosylation™.

Our technology is currently limited by the throughput of cell
encapsulation (up to 107 cells per h) and low sequencing yield. Cell
encapsulation canbe further optimized by adjusting the mean number
of cells per droplet and by running more microfluidic chips in paral-
lel. While we have used full-length Sanger sequencing for simplicity,
our workflow can easily be adapted to next-generation sequencing
technologies™””. We aim to increase sequencing output by optimiz-
ing single-cell sequencing protocols and by combining our sorting
technology with the LIBRA-seq 10X Genomics workflow that uses
DNA-barcoded antigens®, which should also yield single-cell tran-
scriptomic datasets. These improvements will give us the ability to
construct sequence-function landscapes for thousands of ASC-derived
antibody sequences’.

Insummary, we present atool for rapidisolation of (human) mAbs
thatenabled the discovery of hundreds of antibodies within weeks and
had a high recovery rate of true positives (>85%). Through this more
efficient hit discovery, resources can be shifted from binder identifica-
tion to more thorough experimental characterization and computa-
tional assessment”’. Additionally, as disease outbreaks become more
likely in the future®, this technology should increase our pandemic
preparedness by enabling faster access to antibody reagents.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
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Methods

Ethics statement

Animal experiments were licensed by the UK Home Office according
to the Animals Scientific Procedures Act 1986 (license PP6047951)
and approved by local ethics committees from the University of Cam-
bridge. Human sample collection and analysis were conducted in
accordance with the principles of Good Clinical Practice and follow-
ing approved protocols of the National Institute for Health and Care
Research (NIHR) National Bioresource. Samples were collected with
thewritteninformed consent of all study participants under the NIHR
National BioResource-Research Tissue Bank (NBR-RTB) ethics (REC:
17/EE/0025).

Microfluidic methods

The microfluidic chip was designed using AutoCAD (Autodesk) and
printed ona high-resolution photomask (Micro Lithography Services).
The channel layout of the microfluidic chip (Supplementary Fig.1) is
available as a.dxffile from https://openwetware.org/wiki/DropBase, to
manufactureachipin-house or by outsourcing. Polydimethylsiloxane
(PDMS) microfluidic chips were fabricated using standard soft lithog-
raphy®. For replicamolding, 20 g of PDMS (Sylgard 184; Dow Corning)
monomer and curing agent were mixed at a ratio of 10:1, degassed,
poured onto the master and solidified overnight at 65 °C. PDMS slabs
were cut from the master, inlets and outlets were created using a
1mmbiopsy punch (Kai Medical) and the PDMS slab was permanently
bondedtoglass slides through plasma treatment (Diener Femto). After
bonding, microfluidic channels were flushed with 1% (vol/vol) trichlo
ro(1H,1H,2H,2H-perfluoro-octyl)silane (Sigma-Aldrich) in HFE-7500
(3M Novec) to make them more hydrophobic. Flow rates in microflu-
idic workflows were controlled using neMESYS 290N syringe pumps
(Cetoni) and gas-tight syringes (Hamilton) connected to PTFE tubing
(inner diameter 0.5 mm; BOLA). Droplet formation was monitored
using a high-speed Mini UX-100 camera (Photron) mounted onto an
inverted microscope (Brunel SP981 Microscope). In all experiments, 1%
(wt/wt) RAN surfactant (RAN Biotechnologies) in HFE-7500 was used.

Protein expression and purification

VHH and VHH-SNAP. Sequences of VHHs (TP1170 (ref. 26) as
anti-mouse k VHH, HuFab kappa 1 (refs. 27,82) as anti-human x VHH
and HuFablambda1(refs.27,82) as anti-human A VHH) were obtained as
gene fragments (Integrated DNA Technologies) and cloned into pET28a
plasmids (Novagen) using Gibson assembly®* (see Supplementary
Table 5 for amino acid sequences of VHH constructs). For the capture
of mouse antibodies, we focused on anti-k VHH, as 95% of mouse B cells
expressk light chains®. Proteins were expressed in E. coli BL21(DE3) in
2xYT with 50 pg ml™ kanamycin. Cultures were grownat 30 °C, protein
expression was induced at an optical density at 600 nm (OD,,) of
0.6-0.8 with 0.25 mM isopropyl 3-D-1-thiogalactopyranoside (IPTG)
and proteins were expressed for 5 h at 24 °C. After collection, the cell
pellet was resuspended in His-wash buffer (50 mM Tris-HCI (pH 7.5),
300 mM NaCl and 20 mM imidazole) with a protease inhibitor (Pro-
tease Inhibitor Cocktail; cOmplete Roche) and 1 pl benzonase nucle-
ase (Sigma-Aldrich). Cells were lysed using 10x BugBuster (Merck).
Cleared lysate was added to a Ni-NTA column (Ni-NTA affinity resin;
Generon) pre-equilibrated with His-wash buffer. Proteins were eluted
with 50 mM Tris-HCI (pH 7.5), 300 mM NaCl and 500 mM imidazole.
VHH constructs were not further purified and directly rebufferedinto
astorage buffer (10% glycerol in PBS) using PD-10 columns (GE Health-
care). To achieve higher purity, a reverse nickel column purification
was performed with the VHH-SNAP constructs. Proteins were rebuff-
ered into tobacco etch virus (TEV) protease cleavage buffer (25 mM
Tris-HCI, pH 8.0, 150 mM NacCl) and subjected to overnight cleavage
at4 °Cwith His-tagged TEV protease (Sigma-Aldrich) according to the
manufacturer’s instructions. Cleaved proteins were then rerun on a
Ni-NTA columnto remove the His-tagged TEV protease and the cleaved

epitope tag. Flow-through and wash fractions were collected, and the
buffer was exchanged for 10% glycerol in PBS using PD-10 desalting
columns. Proteins were aliquoted, snap-frozenin liquid nitrogen and
stored at-80 °C.

Production of SARS-CoV-2 RBD-CHis forimmunization. Synthetic,
codon-optimized DNA encoding the RBD of WT SARS-CoV-2 was
cloned into the pExp-CHis vector, which introduces a C-terminal
octa-His-tag (RBD-CHis; sequences in Supplementary Table 5).
RBD-CHis protein was expressedin £. coli BL21(DE3) in 2xYT medium
with 100 pg miI™ ampicillin at 37 °C. Protein expression was induced
at ODg,, of 0.8-1.0 by the addition of 0.4 mM IPTG and progressed
for16 h. Cells were pelleted by centrifugation and lysed using Avestin
EmulsiFlex C-5 homogenizer in 50 mM Tris-HCI (pH 8.0) and 5 mM
EDTA supplemented with 250 pg m1™ of DNase I. Inclusion bodies
wereisolated by centrifugation and washed first with 50 mM Tris-HCI
(pH8.0),5mMEDTA and 1% Triton X-100 and then with 50 mM Tris-HCl
(pH8.0),1MNaCland 5 mM EDTA. Inclusion bodies were solubilized
in 50 mM Tris-HCI (pH 8.0), 5 mM EDTA, 10 mM tris(2-carboxyethyl)
phosphine (TCEP) and 6 M guanidine hydrochloride. For refolding,
the protein solution was added slowly to 50 mM Tris-HCI (pH 8.5),
50 mM ethanolamine, 1 M pyridinium propyl sulfobetaine (PPS),2 mM
EDTA, 2 mM cysteine and 0.2 mM cystine and incubated for 96 h at
4 °C. The refolded protein was first purified by reverse-phase chro-
matography using al0 mlsource RPC columnand applying a10-90%
acetonitrile/0.1% TFA gradient. The peak fractions were pooled, and
the protein was lyophilized. Then the protein was dissolved in20 mM
sodium phosphate (pH 7.2), 300 mM NaCl and 0.5 M urea and fur-
ther purified by size-exclusion chromatography using Superdex 200
Increase 10/300 GL column (Cytiva) equilibrated in 20 mM sodium
phosphate (pH 7.2) and 300 mM NaCl.

Production of SARS-CoV-2 RBD for crystallization. DNA encoding WT
SARS-CoV-2RBD was cloned into the pExp-His-Zbasic plasmid to obtain
afusion of RBD with anN-terminal His-tag and Zbasic fusion partner fol-
lowed by aTEV protease cleavage site (His-Zbasic-TEV-RBD; Addgene,
plasmid194999; sequence in Supplementary Table 5). The protein was
expressedinE. coli BL21(DE3) in 2xYT media with 100 pg mI™ ampicillin.
Cells were grown to OD,, 0.8-1.0, and expression was induced with
0.4 mMIPTG. Cells were pelleted by centrifugation after 5 h of expres-
sionat37 °Cand resuspendedin20 mM Tris-HCI (pH8.0) and 100 mM
NaCl. Before lysis by sonication, 250 pug ml™ of DNase land 1 mM phe-
nylmethylsulfonyl fluoride (PMSF) were added to the cells. The lysate
was cleared by centrifugation, the supernatant was discarded and
homogenized inclusion bodies were washed twice—first with 20 mM
Tris-HCI (pH 8.0),10 mM EDTA, 1 mM TCEP and 1% Triton X-100, and
thenwith20 mM Tris-HCI (pH 8.0),1 MNaCland1 mM TCEP. The pellet
was dissolved in20 mM Tris-HCI (pH 8.0),200 mM NaCl, 10 mMimida-
zole,lmM TCEP and 6 M guanidine-HClI, and theinsoluble material was
removed by centrifugation. Solubilized, denatured protein was purified
using a PureCube Ni-NTA agarose column. After loading the protein,
the column was washed with ten column volumes (CVs) of 20 mM
Tris—-HCI (pH 8.0),500 mM NaCl, 10 mMimidazole, 6 Mdeionized urea
and 0.5 mM TCEP, and the protein was eluted with five CVs of 20 mM
Tris-HCI(pH 8.0),100 mM NaCl, 250 mMimidazole, 6 M deionized urea
and 0.5 mM TCEP. The fusion protein was refolded by dilutingit1:20ina
dropwise fashioninto refolding buffer (100 mM Tris, 500 mM Arg-HClI,
0.5g 1™ polyethylene glycol (PEG) 3350, 1M urea, 2 mM cysteine and
0.2 mM cysteine) with stirring at4 °C. After 72 h of refolding, the solu-
tionwas diluted twofold with 50 mM MES-NaOH (pH 6.0) and filtered
through a Whatman GF/B microfiber filter. The clarified protein solu-
tionwasloaded ontoaHiTrap SP HP cation-exchange column (Cytiva).
The columnwaswashed with five CVs of 20 MM HEPES-NaOH (pH 7.2)
and 50 mM NacCl and eluted with a 25 CV linear gradient to 20 mM
HEPES-NaOH (pH7.2) and 1,000 mM NaCl. Peak fractions were pooled,
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and NHis-TEV protease (produced in-house) was added overnight at
4 °C.Cleaved protein was passed through aNi-NTA column to remove
the His-Zbasic fusion partner, uncleaved fusion protein and NHis-TEV
protease. RBD from the flow-through was concentrated using a10 kDa
MWCO Amicon Ultra concentrator and loaded onto HiLoad Superdex
75 pg 16/60 size-exclusion column (Cytiva) equilibrated with 20 mM
Tris—HCI (pH 7.2) and 200 mM NaCl. Pooled peak fractions were con-
centrated, flash-frozen in aliquots and stored at -80 °C.

Production of biotinylated RBD. Synthetic DNA encoding for WT
SARS-CoV-2 RBD was cloned into the pExp-His-Zbasic-Avi plasmid to
resultinafusion of RBD with an N-terminal His-Zbasic-TEV fusion part-
ner and a C-terminal Avi-tag (His-Zbasic-TEV-RBD-Avi; Addgene, plas-
mid195000; sequence in Supplementary Table 5). The Avi-tagged RBD
was produced following essentially the same procedure as untagged
RBD except for the addition of 5 mM MgCl,, 2 mM ATP, 150 pM biotin
and 50 pg ml™ of biotin ligase (BirA-CHis, produced in-house) during
the TEV protease cleavage step for the site-specific biotinylation at the
Avi-tag. The reaction proceeded for 16 h at 22 °C with gentle mixing.

Antigen tetramerization
For the streptavidin-RBD complex (strep-RBD) formation, a10x molar
excess of biotinylated RBD-Avi protein was incubated with 0.5 mg mi™
of streptavidin-Alexa Fluor 488 or streptavidin-Alexa Fluor 647 (BioLe-
gend) for1 hatroomtemperature. Streptavidin-RBD complexes were
separated by size-exclusion chromatography using a Superdex 200
Increase 10/300 GL column (Cytiva) equilibrated in 20 mM sodium
phosphate (pH 7.2) and 200 mM NaCl buffer.

Biotinylated S1 protein was obtained commercially (BioLegend).
A 4x molar excess was incubated with streptavidin-Alexa Fluor 647
(0.5 mg ml™; BioLegend) for 30 min at room temperature directly
before use. Practical guidelines on how antigen concentration can
affect affinity selection can be found in Supplementary Fig. 9.

Synthesis of BG-agarose

BG-agarose was synthesized by dissolving 500 mg of low-melting-point
agarose (Sigma-Aldrich, A5030), 46 mg of 1,1-carbonyldiimidazole
(Sigma-Aldrich) and 236 pl of triethylamine (Sigma-Aldrich) in 50 ml of
DMSO (Sigma-Aldrich) and stirring the solution at room temperature
under an argon atmosphere (adapted from ref. 85). After 1 h, 250 mg
of O-(4-(aminomethyl)benzyl)guanine (Generon) was added, and the
solution was stirred overnight under argon. The solution was diluted
with 450 ml of warm distilled water and dialyzed against water using
snakeskin dialysis tubing (3,500 Da molecular weight cut-off; Thermo
Fisher Scientific). After six water exchanges, the product was lyophi-
lized yielding a white, spongy material.

Determination of agarose functionalization efficiency
BG-agarose (1.5%, wt/vol) was dissolved in PBS, melted by heating
to 85 °C using a heated shaker and then cooled to 37 °C. BG-agarose
beads (25 pm diameter) were generated by microfluidics (flow
rates: aqueous phase, 6-7 pl min™ and oil phase, 16-18 ul min™). The
emulsion was collected on ice to solidify the agarose. BG-agarose
beads were demulsified by the addition of 800 pl PBS and 200 pl
1H,1H,2H,2H-perfluoro-1-octanol (PFO; Alfa Aesar), filtered through a
50 pum strainer and washed once in 15 ml FACS buffer (1% ultra-low IgG
FBS (Thermo Fisher Scientific) in PBS). Beads (200,000 per condition)
wereincubated with serial 1:2 dilutions of GFP-SNAP overnight atroom
temperature, starting from 8.55 x 10" GFP molecules per condition.
Beads were washed twice in FACS buffer, and the GFP fluorescence was
analyzed on an Attune Nxt flow cytometer (Thermo Fisher Scientific).
Single beads were gated on side scatter versus forward scatter (log
scale) and forward scatter height versus forward scatter (log scale). The
mean GFP fluorescence and s.d. for each condition were determined
inFlowJo (version10.7; BD Biosciences).

Antibody capture on agarose beads

BG-agarose beads (25 pM diameter, 1.5% (wt/vol) agarose) were gen-
erated by microfluidics as described previously and functionalized
with 50 pM anti-mouse k VHH for 1 h or anti-human k and A VHH for
15 minatroom temperature. For the mouse antibodies, after washing
twice in FACS buffer, an anti-streptavidin antibody (mouse IgG2bk,
clone3A20.2; BioLegend) was added to 10 beads at a concentration of
0.25 mg ml™ (1:2 dilution) and incubated for 1 h at room temperature.
GFP-biotin was tetramerized by incubation with APC-streptavidin (Bio-
Legend) for1hat10x molar excess. The tetramer (428 kDa) was purified
from excess GFP-biotin (25 kDa) with a 100 kDa cut-off Amicon Ultra
centrifugal filter (Merck). Functionalized agarose beads were washed
twice andthenincubated with20 nM of the GFP-streptavidin tetramers
and anti-mouse IgG2a/b BV421antibody (1:10 dilution; clone R2-40, BD
Bioscience) for 30 min onice. After two washing steps in FACS buffer,
the beads were analyzed on an Attune Nxt flow cytometer (Thermo
Fisher Scientific). For the human antibodies, the beads were washed
once in FACS buffer, and 400,000 beads were each incubated with
6.63 nM of either hRBD2, hRBD8 or hRBD10 for 20 min at 37 °C. Beads
were stained with strep-RBD Alexa Fluor 647 (1 nM final concentration)
for 30 min on ice. After washing once in FACS buffer, the beads were
analyzed on a BD LSRFortessa.

Biolayer interferometry competition assay

Biotinylated anti-mouse IgGl antibody (10 pg ml™; clone RMG1-1, Bio-
Legend) wasimmobilized on streptavidin (SA) biosensors (Sartorius)
for 300 s. Subsequently, 100 nM of mRBD1 antibody (IgGlk) was cap-
tured for 600 s and then probed with either anti-mouse Kk VHH-SNAP
(100 nM, 300 s) followed by RBD (100 nM, 300 s), or vice versa. Human
mAbs (100 nM of hRBD1 (IgGlk) and hRBD3 (IgGIA)) were directly
immobilized on anti-human IgG Fc-capture (AHC) biosensors (Sar-
torius) for 600 s and then probed with either anti-human k or A VHH
(100 nM, 300 s) followed by RBD (100 nM, 300 s), or vice versa. For
controls, sensors wereincubated in buffer instead of anti-mouse IgG1
(-anti-mouseIgG), buffer instead of recombinant mAb (-mAb), buffer
instead of mAb/VHH/RBD (buffer control mouse sample) or buffer
instead of VHH/RBD (buffer control human samples). All dilutions
were performed inkinetics buffer (0.1% BSA and 0.02% Tween in PBS).

Mouse experiments

C57BL/6 mice (8-14 weeks old) were immunized with EndoFit OVA
(Invivogen) or SARS-CoV-2RBD. For viability and secretion time course
experiments, 33-38-week-old nonimmunized mice were used. Antigens
were prepared as 2 mg ml™ sterile-filtered solutions in PBS, mixed with
anequal volume of Alhydrogel adjuvant (Invivogen) and incubated on
atube roller for 30 min at 4 °C. Each mouse was injected intraperito-
neally with 100 pl of 1 mg ml™ antigen. For confocal experiments and
RBD antibody generation, mice were additionally injected intraperi-
toneally with 100 pl of 0.5 mg ml™ OVA or RBD in PBS 21 days after
the first immunization. Spleens were collected 10 days after the first
immunization, and bone marrow cells were collected 21 days after the
first or second immunization.

Extraction of splenocytes and bone marrow

Asingle-cell suspension of splenocytes was prepared by mashing the
spleens through al00 um cell strainer into wash buffer (PBS, 0.1% FBS
and2 mM EDTA). Splenocytes were washed inice-cold wash buffer and
thenfiltered again through a 70 pm strainer. For bone marrow extrac-
tion, the femur and tibias were removed from both legs, the ends of the
bones were cut open with scissors and the bone marrow was flushed
out using a 23-gauge needle and a syringe filled with wash buffer. A
single-cell suspension was prepared by filtering through a100 pm cell
strainer.Red blood cells of both spleen and bone marrow were lysed by
incubation in 1 ml of RBC lysis buffer (155 mM NH,Cl, 12 mM NaHCO,
and 0.1 mM EDTA) for 5 min at room temperature. Cells were washed
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once in wash buffer and used for ASC enrichment. All centrifugation
steps were carried out at 300g for 5minat4 °C.

Mouse ASC enrichment

Plasma cells were enriched using direct magnetic labeling with
anti-CD138 (syndecan-1) microbeads (Miltenyi Biotec). Enriched
cells were washed once in wash buffer, and an Fc blocking step was
performed using the TruStain FcX (anti-mouse CD16/32) antibody
(BioLegend).

Mouse ASC encapsulation

BG-agarose (3-6%, wt/vol) was dissolved in PBS, melted by heating to
85 °Cusing a heated shaker and then cooled to 37 °C. For FACS experi-
ments following OVA immunization, 6% BG-agarose was mixed with
anti-mouse K VHH-SNAP before encapsulation to obtain100 uM VHH-
SNAP and 3% BG-agarose. BG-agarose can be functionalized with VHH-
SNAP before or after encapsulation, but in our hands, VHH addition
after hydrogel bead formation and demulsification leads to a slightly
better signal-to-noise ratio. For all other experiments, a 3% (wt/vol)
BG-agarose solution was used directly without prior VHH-SNAP addi-
tion. ASCs obtained through magnetic selection (on average >2 x 10°
cells per spleen and >1.5 x 10° cells for bone marrow) were washed,
resuspended in encapsulation buffer (PBS,10% ultra-low IgG FBS, 18%
OptiPrep, 2 mM EDTA and 0.1% Pluronic F-68) at a concentration of
3 x107 cells per mland filtered through a40 pM strainer. Cells were then
mixed with an equal volume of 3% BG-agarose in PBS. The solution was
aspirated into microfluidic tubing and encapsulated with flow rates of
6-7 ul min™ for the aqueous phase (cells in agarose) and 16-18 pl min™
for the oil phase (mean number of cells per droplet A = 0.12). Dur-
ing encapsulation, the microfluidic chip was heated to 37 °C using a
heated glass microscope plate (Bioscience Tools), although this is not
strictly necessary as the low-melting-point agarose will remain liquid
for at least 1 h. We routinely ran two microfluidic chips in parallel,
enabling encapsulation of up to 1.26 x 107 cells per hour. Alternatively,
the mean number of cells per droplet can be increased up to 0.3. The
emulsion was collected onice to solidify the agarose. Hydrogel beads
were demulsified by the addition of 800 pl PBS and 200 pl PFO, filtered
through a 50 pm strainer and washed once in 15 ml cold FACS buffer.
IfVHH-SNAP had not been added before encapsulation, the hydrogel
beadswereresuspended in 50 pM anti-mouse kK VHH-SNAPin PBS, incu-
bated for 15 min at room temperature and then washed once in FACS
buffer.ForlgGsecretion controlexperiments (designated as-VHH) and
viability time course experiments, no VHH-SNAP was added. Hydrogel
beads were thenresuspended in prewarmed medium ata cell concen-
tration of <10° cells per ml (RPMIsupplemented with10% ultra-low IgG
FBS, 20 mM HEPES, 50 uM f3-mercaptoethanol,1 mM sodium pyruvate,
2 mM L-glutamine and 100 U penicillin/streptomycin) and incubated
at37°Cin 5% CO,for theindicated time frames (1 h and 45 min for anti-
body selections and confocal experiments). For secretion and viability
time course experiments, a fraction of the cells was not encapsulated
butkept onice during the encapsulation/functionalization process and
wasthenincubated and stained in the same way as encapsulated cells.
The medium supernatant of samples from the secretion time course
was collected for IgG detection by ELISA. All centrifugation steps were
carried outat 300g for 10 minat 4 °C.

To reduce potential ‘false positive’ events because of cross-
contamination betweenbeads, thesample canbeincubatedinalarger
volume and slowly agitated/rotated during the secretion process.
Sample agitation distributes contaminating antibodies across the
whole bead population, of which 90% are empty beads and will be
gated out during the sort.

Staining of encapsulated mouse ASCs for flow cytometry
Afterincubation, samples were washed once in FACS buffer. For viabil-
ity time course experiments, hydrogel beads and non-encapsulated

ASCs were first stained with Calcein AM (Invitrogen) according to the
manufacturer’sinstructions. Samples were incubated with anti-CD138
BV785, anti-IgG1 PerCP-Cy5.5 and anti-CD45R/B220 AF647 for 30 min
onice and then washed once in FACS buffer. Before the acquisition,
DAPI (2.5 ug ml™; Sigma-Aldrich) was added to each tube. For secretion
time course experiments, hydrogel beads and non-encapsulated ASCs
were stained with anti-CD138 phycoerythrin (PE), anti-IgG1 BV421,
anti-IlgM BV605 and anti-CD45R/B220 BV785 for 30 min on ice and
then washed once in FACS buffer. Before the acquisition, helix green
(2.5 pM; BioLegend) was added to each tube.

For OVA antibody selection experiments, hydrogel beads were
stained with anti-CD138 PE, anti-FLAG PE-Cy7, OVA-Alexa Fluor 647
(3 ng ml™; Thermo Fisher Scientific), anti-lgG1 BV421, anti-lgG2a/2b
BV421, anti-lgG2a BV421, anti-IgG3 BV421, anti-lgM BV605 and
anti-CD45R/B220 BV785for 30 minonice and thenwashed once in FACS
buffer. Before the acquisition, 5 pl of 7-aminoactinomycin D (7-AAD,
50 pg ml™?; BioLegend) or helix green (1 pM) were added to each tube.
For RBD experiments, hydrogel beads were stained with strep-RBD
Alexa Fluor 647 (40 nM), anti-IgGl BV421, anti-IgG2a/2b BV421,
anti-lgG2a BV421, anti-IgG3 BV421, anti-IlgM BV605 and anti-CD138
BV785 for 30 min on ice and then washed once in FACS buffer. Before
the acquisition, helix green (1 uM) was added to each tube. For antibody
clones and dilutions, see Supplementary Table 6.

Analysis of encapsulated mouse ASCs by confocal microscopy
Hydrogel beads were stained with OVA-Alexa Fluor 555 (1.5 ug ml™%;
Thermo Fisher Scientific), anti-CD138 Alexa Flour 647 (1:80 dilution;
BioLegend, clone 281-2), donkey anti-mouse IgG Alexa Fluor Plus
405 (Thermo Fisher Scientific, A48257;1:200 dilution) for 30 min on
ice and then washed once in FACS buffer. For confocal imaging, 5 pl
of unfixed, unpermeabilized encapsulated cells were pipetted into
microscopy-compatible 35 mm dishes (ibidi, 81156) and overlayed
with 500 planti-evaporation oil (ibidi, 50051). Imaging was performed
on a Leica TCS SP8 confocal microscope. Fluorophores were excited
witha405nm, a552 nmand a 638 nmlaser, respectively. Images were
analyzed with Fiji®®. The plot profile function was used to determine
the signal distribution across the hydrogel beads.

Analysis and sorting of mouse ASCs by flow cytometry

For viability and secretion time course experiments, samples were ana-
lyzed on aBD LSRFortessa. Before sorting, hydrogel beads werefiltered
through a 50 um strainer. Hydrogel beads were sorted on a four-laser
BD FACSAria lll using a100 um nozzle into 96-well plates (Frame Star,
4titude) that contained 4 pl of lysis buffer (3 U pI™ RNAseOUT RNase
inhibitorand1mM DTT in 0.5x PBS¥). Plates were spun down for30 s
at400gimmediately after the sort, placed on dry ice and then stored
at—80 °C until processing. Hydrogel beads were gated to contain live
ASCs (CD138") that were IgG-positive but IgM-negative. The antigen
signal (OVA or RBD) of hydrogel beads that were IgG™/IgM~was used as
guidance for setting the antigen-positive gate. For OVA experiments,
an anti-FLAG antibody was used to identify cells encapsulated into
the functionalized BG-agarose hydrogel as the VHH-SNAP construct
contained aFLAG tag. The secretion control sample, to whichno VHH-
SNAP-FLAG was added, was therefore gated asFLAG".

PBMC isolation from peripheral blood

Peripheral blood (40 ml) was collected from two study participants
in lithium heparin tubes. PBMCs were isolated by density gradient
centrifugation using Histopaque-1077 (Sigma-Aldrich). Blood was
diluted1:1with PBS (room temperature), and 35 ml of blood was layered
onto 15 ml of Histopaque and centrifuged (acceleration: 1 and decel-
eration: 0,800g for 20 min at room temperature). The buffy coat was
removed, and the PBMCs were washed twice in ice-cold wash buffer
(0.1% FBS and 2 mM EDTA in PBS). PBMCs were counted, and one half
was used directly for encapsulation experiments while the other half
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wasresuspended in FBS and then mixed 1:1with freezing medium (50%
FBS and 10% DMSO in RPMI). PBMCs were put into a freezing container
(coolingrate:—1°C min™) and stored at —80 °C before transfer to liquid
nitrogen. Unless stated otherwise, all centrifugation steps were carried
outat400gfor10 minat4 °C.

PBMC stimulation

Normal cryopreserved human PBMCs (10 million cells per vial; Lonza,
4W-270) were thawed quickly at 37 °C and added dropwise to 10 ml of
prewarmed PBMC medium (RPMI 1640 supplemented with 10% FBS,
2 mM GlutaMAX,1 mMsodium pyruvate, 10 mM HEPES (pH 7.4), 1x MEM
nonessential amino acids (Sigma-Aldrich), 50 uM f3-mercaptoethanol,
0.25 pg ml™ amphotericin B and 100 U ml™ penicillin/streptomycin)
with 100 pg mI™ DNase (STEMCELL Technologies). Cells were spun
down at 500g for 10 min at 4 °C, resuspended in 2 ml of medium and
rested for 1 h in the incubator (37 °C in 5% CO,). Stimulation medium
(2x concentration) was prepared by adding 400 ng ml™ HA-tagged
rhCD40L (R&D Systems) and 100 ng mlanti-HA tag antibody (R&D Sys-
tems, clone 543851) to PBMC medium and incubating for 15 min at room
temperature to cross-link the proteins. Afterward, 100 ng mlI™ human
interleukin (IL)-21 (Peprotech) and 20 pg ml™anti-IgM antibody (poly-
clonal F(ab’), fragment goat anti-human; Jackson ImmunoResearch,
AB_2337553) were added. Cells were washed once inmagnetic-activated
cell sorting (MACS) buffer (2 mM EDTA, 0.5% BSA in PBS), and B cells
were negatively selected with the Human Pan-B Cell Isolation Kit (Milte-
nyiBiotec). Enriched B cells were spun down and resuspended in PBMC
mediumsupplemented with 80 pg ml™ apotransferrin (Sigma-Aldrich)
at10° cells per ml. Cells were then mixed 1:1 (vol/vol) with stimulation
medium and incubated for 96 h.

Encapsulation of stimulated PBMCs

Apreheated 6% (wt/vol) BG-agarose solution in PBS was mixed 1:1 (vol/
vol) withanti-human k VHH-SNAP (final concentration 100 puM) and left
at37°Cfor15 minbefore use. Cells were washed once in MACS buffer,
and CD38" cells were positively selected using the CD38 MicroBead
kit (Miltenyi Biotec). CD38" cells were washed once, and a blocking
step using FcR Blocking Reagent (Miltenyi Biotec) was performed.
Cells were then resuspended in encapsulation buffer and filtered
through a 40 pM strainer to obtain a concentration of 3 x 107 cells per
ml. Cells were then mixed with an equal volume of VHH-functionalized
3% BG-agarose in PBS, encapsulated into agarose and demulsified as
previously described. Beads were filtered through a 50 pm strainer
and washed oncein15 ml cold FACS buffer. Afterward, hydrogel beads
were resuspended in prewarmed PBMC medium (supplemented with
10% ultra-lowIgG FBSinstead of normal FBS) and incubated for 1 hand
45 min at 37 °Cin 5% CO,. All centrifugation steps were carried out at
300gfor10 minat4 °C.

Staining of encapsulated normal PBMCs for FACS/microscopy
After incubation, hydrogel beads were washed once in FACS buffer
and then stained with anti-CD14 VioBlue, anti-CD3 VioBlue, anti-IgD
VioBlue, anti-CD19 VioBright-FITC, anti-CD27 APC-Vio770, anti-CD20
PE-Vio770, anti-CD38 APC, anti-IgG Fc PE, anti-IgM BV711and anti-FLAG
Alexa Fluor 594. The sample was incubated on ice for 30 min and
washed oncein FACS buffer. DAPI (1:50,000) was added before analysis
on an Attune NxT flow cytometer. Hydrogel beads were examined for
APC (anti-CD38) and PE fluorescence (IgG secretion) under an EVOS
FL fluorescence microscope (Thermo Fisher Scientific) using filters
for Cy5 (ex, 628/40 nm and em, 692/40 nm) and RFP (ex, 531/40 nm
and em, 593/40 nm), respectively. For antibody clones and dilutions,
see Supplementary Table 6.

Encapsulation of PBMCs post vaccination
Blood was collected from study participants 7-9 days after the second
BNT162b2 vaccine dose. Freshly isolated PBMCs were used directly

for B cell enrichment. Cryopreserved PBMCs were thawed quickly at
37 °Cand added dropwise to10 ml of prewarmed medium (RPMI1640
supplemented with 10% ultra-low IgG FBS, 2 mM GlutaMAX, 1 mM
sodium pyruvate, 10 mM HEPES (pH 7.4), and 100 U ml™ penicillin/
streptomycin) with 100 pg mI™ DNase (STEMCELL Technologies). Cells
were spun down (400g for 10 min at 4 °C) and washed once in MACS
buffer. B cells were negatively enriched with the Human Pan-B Cell
Isolation Kit (Miltenyi Biotec). On average, 5-8 x 10 cells were obtained
per purification. Enriched B cells were spun down, and ablocking step
using FcR Blocking Reagent (Miltenyi Biotec) was performed. Cells were
resuspended in encapsulation buffer and filtered through a 40 pM
strainer to obtain a concentration of 3 x 107 cells per ml. Cells were
mixed withanequal volume of 3% BG-agarose in PBS and encapsulated
and demulsified as previously described for mouse ASC encapsulation
(A= 0.12; two microfluidic chips runin parallel). Hydrogel beads were
filtered through a 50 pm strainer and washed once in 15 ml cold FACS
buffer. Beads were resuspended in PBS with anti-human VHH-SNAPs
(anti-k and anti-A; 50 pM of each) and incubated for 15 min at room
temperature. Hydrogel beads were washed once in cold FACS buffer
andresuspended in prewarmed medium supplemented with 10 ng mI™*
humanIL-6 and incubated for 1 hand 45 minat 37 °Cin 5% CO,.

Staining and sorting of encapsulated PBMCs post vaccination
Forsorting with RBD, hydrogel beads were washed once in FACS buffer
and stained with strep-RBD Alexa Fluor 647 (40 nM), anti-IgG Fc PE,
anti-IgM BV785, anti-CD38 BV421 and anti-CD20 BV510 for 30 min on
ice. Beads were washed once in FACS buffer, and helix green (1 uM)
was added. For sorting with RBD and S1, hydrogel beads were washed
once in FACS buffer and then stained using strep-S1 Alexa Fluor 647
(40 nM), strep-RBD Alexa Fluor 488 (40 nM), anti-lgG Fc PE, anti-IgA
PE, anti-IgM BV785, anti-CD38 BV510 and anti-CD20 PE-Cy7 for 30 min
onice. Hydrogel beads were washed once in FACS buffer, and DAPI
(Thermo Fisher Scientific; 1:50,000) was added to the sample. Beads
were (index) sorted onafour-laser BD FACSArialllusingal00 pmnoz-
zleinto 96-well plates (Frame Star, 4titude) that contained 6 pl of lysis
buffer (5% PEG 8000, 0.1% Triton X-100, 0.5 U pl" RNAseOUT, 0.5 uM
OligoT30VN, 0.5 pM random hexamers and 0.5 mM/each dNTP). The
antigen signal of hydrogel beads that showed neither the IgG/IgA nor
the IgM signal was used as guidance for setting the antigen-positive
gate. Plates were spun down for 30 s at 400g immediately after the
sorting, placed on dry ice and then stored at =80 °C until processing.
For antibody clones and dilutions, see Supplementary Table 6.

Reverse transcription, PCR and sequencing (mouse)

Plates were thawed onice for 5 minand spun down at400gfor 1 minat
4°C. For lysis and reverse transcription, a combination of previously
published protocols®* was used together with the template-switch
oligo from the 10X Chromium Next GEM Single Cell V(D)J Reagent Kit
v1.1(without barcode and unique molecularidentifier). See Supplemen-
tary Table 7 for primer sequences. Per well, 7 pl of lysis and annealing
mix (0.6%IGEPAL, 5.5 mMrandom hexamer primers, 3.99 mManchored
oligo-dTand 0.9 U pl™ RNaseOUT) were added, and the plate was incu-
bated at 65 °C for 5 min. Plates were placed onice for 5 min, and 10 pl
of reverse transcription mix was added to each well (15% PEG 8000, 2x
MaximaRT buffer,2 mM dNTPs, 4 uM template-switch oligo (10X_TSO)
and 4 U pl™Maxima H Minus Reverse Transcriptase). Plates were spun
down and transferred to a thermocycler for reverse transcription
(90 minat42 °C, five cycles of 2 min at 50 °Cfollowed by 2 minat 42 °C).
Plates containing cDNA were stored at—20 °C. Leader peptide and vari-
ableregions of boththe heavy chain and k light chain were then ampli-
fied in two rounds of semi-nested PCR. For the first PCR, 8 pl of cDNA
reaction mix was added to 17 pl of PCR mix using KAPA HiFi HotStart
polymerase and KAPA HiFi Fidelity Buffer according to the manufac-
turer’s instructions (primer concentrations: 0.3 pM fw_TSO_PCR1,
0.3 pM mlgG12abc, 0.1 uM mIgG2b, 0.1 pM mlgG3-1, 0.1 pM mIgG3-2
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and 0.2 pM mk). The PCR was performed at 95 °C for 3 min, followed by
20 cyclesof20sat98°C,30sat67 °Cand 70 sat 72 °Cand a5 minfinal
elongationat 72 °C.Fromthe first PCR reaction, 5 pl was transferred to
the second PCR (final volume, 25 pl) for 22 amplification cycles. DNA
obtained from anti-OVA hits was cut out of agarose gels, and amplicons
from heavy and light chains were purified separately by gel extraction
(Zymoclean Gel DNA Recovery Kit, Zymo Research).

For RBD experiments, PCRs were split after the first PCR, and
heavy and light chains were amplified separately using final primer
concentrations of 0.3 pM for the reverse k primer and the same condi-
tions for the heavy-chain primers as for the first PCR. Amplicons from
anti-RBD hits were purified by SpeedBead (Sigma-Aldrich) purification.
PCRreactionsthat resulted in sufficient material (>100 ng determined
by absorbance measurement at 260 nm) were subjected to Sanger
sequencing. We found that sequencing efficiency was suboptimal
with this protocol and recommend following a published protocol that
does not use a template-switch oligo®. We also advise decreasing the
amount of PFO for demulsification or using chemical-free breaking of
the droplet emulsion, as PFO can impact the efficiency of enzymatic
reactions®.

Reverse transcription, PCR and sequencing (human)

Reverse transcriptionin each well was performed based on amodified
Smart-seq3 protocol using atemplate-switch approach®. Specifically,
allvolumes for the lysis and reverse transcription steps were doubled,
and random hexamers (0.5 pM final concentration) were added to
the lysis buffer mix. All other steps were performed according to the
published protocol. All oligonucleotides are listed in Supplementary
Table 8.Foranti-RBD antibodies, 12 pl of PCR 1 mix (final concentrations
in KAPA HiFi Fidelity Buffer: 0.3 mM/each dNTPs, 0.5 mMMgCl,, 0.5 pM
fw_Read1/2 primerand 0.1 pM of each reverse primer (rv_IgG_HC_PCR1,
rv_kappa_PCR1, rv_lambda_PCR1), 0.02 U pl™ KAPA HiFi HotStart pol-
ymerase) were added to each well after reverse transcription. PCR
reactions were performed at 95 °C for 3 min, 20 cycles of20 sat 98 °C,
30sat 65°Cand2min 30 s at 72 °C and a 5 min final elongation step
at 72 °C. For the semi-nested second PCR, 5 pl were transferred from
the first PCR, and PCRs were performed using KAPA HiFi HotStart
polymerase and KAPA HiFiFidelity Buffer. Because we initially planned
to use lllumina sequencing’, we performed two sets of second PCRs,
one that introduces the full-length Illumina Read 1 or Read 2 at the 5’
end and Read 2 or Read 1 at the 3’ end. For this reaction, fw R1 PCR2
was combined with rv_R2 primers, and fw_R2_PCR2 was combined with
rv_Rlprimersat 0.3 uMfinal concentrationeachin 25 pl. PCR reactions
were performed as previously but with 22 amplification cycles. PCR
products were purified using SpeedBeads (Sigma-Aldrich) and eluted
with 15 pl of nuclease-free water. For the addition of barcode indices
and llluminaP5/P7 adapters, athird PCR was performed. For PCRs with
5" Read 1, i5 primers (P5_1-P5_96, used as well barcodes) were used as
forward primers, andi7 primers (P7_1-P7_20, used as plate barcodes)
were used as reverse primers. For PCRs with 5’ Read 2, i5 primers were
used as reverse primers and i7 primers as forward primers. PCRs were
performed using KAPA HiFi HotStart polymerase and KAPA HiFi Fidel-
ity Buffer in a 25 pl volume, with 0.3 pM of primers and 2 pl of PCR 2
as template with annealing at 65 °C and 22 cycles of amplification.
PCR products were purified using SpeedBeads (Sigma-Aldrich). PCR
reactions that resulted in sufficient material (>100 ng determined
by absorbance measurement at 260 nm) were subjected to Sanger
sequencing. We found that this protocol did not yield high sequencing
efficiencies (217%) and therefore decided to amplify the cDNA from
RBD/S1 hits with a different primer set that does not rely on template
switching”.. After reverse transcription, the cDNA was diluted by the
addition of 27.4 pl of nuclease-free water. For the first PCRreaction, 4 pl
of diluted cDNA were mixed with 21 pl of PCR1 mix (final concentrations
in KAPA HiFiFidelity Buffer: 0.3 mM/each dNTP, 0.5 mMMgCl,, 0.2 pM
OPR_IGHV mix, 0.2 pM oPR_IGKV mix, 0.2 pM oPR_IGLV mix, 0.2 uM

oPR_1Ist_rv mix and 0.02 U pl™ KAPA HiFi HotStart polymerase). PCR
reactions were performed at 95 °C for 3 min, followed by 50 cycles of
30sat98°C,30sat62°Cand45sat72°Canda5 minfinal elongation
stepat 72 °C. Three separate, semi-nested second PCRs were performed
for the amplification of heavy chains, k and A light chains. For the sec-
ond PCR, 4 pl of the first PCR was used directly and mixed with 21 pl of
PCR 2 mix (final concentration in KAPA HiFi Fidelity Buffer: 0.3 mM/
eachdNTP, 0.3 uM forward primer mix (0PR_IGHV mix, oPR_IGKV mix
or oPR_IGLV mix) with the respective 0.3 pMreverse primer mix (IgG/
IgA rvmix, 3’ Ck 494 (k) or 3’ Xhol CA (A)), 0.02 U pl KAPA HiFi HotStart
polymerase) with the same conditions as PCR 1. PCR products were
purified using SpeedBeads (Sigma-Aldrich) and sequenced by Sanger
sequencing, leading to anincrease in matched heavy- and light-chain
sequences (over 40%).

Bioinformatic analysis

Antibody sequences were annotated using international ImMunoGe-
neTics information system (IMGT)/V-Quest from the IMGT database®.
All clonotyping was performed using anin-house script (code available
in the Supplementary Information), with antibodies greedily clustered
if they had a common IGHV gene assignment, the same length CDR3
and within 80% CDR3 amino acid identity of the cluster representative.
The CoV-AbDab* (February 2022 version) was downloaded as a set of
anti-coronavirus reference antibodies with functional annotations. Clo-
notyping was thenapplied to functionally cluster input files containing
eachset of ASC-derived antibodies concatenated with all CoV-AbDab
antibodies with a complete IGHV and CDRH3 label. An alternative
clustering method based on grouping antibodies by similar predicted
3D structure (SPACE) was also applied®, using a threshold structural
similarity of 0.75 A. This was performed over each set of ASC-derived
antibodies coupled with the subset of antibodies in CoV-AbDab with
full variable heavy (VH) and variable light (VL) chain sequences (as
sequence coverage over all six CDRs is required by SPACE).

Cloning of antibodies
For mouse antibodies, primers were designed to amplify the variable
regions, including the leader peptides. To generate PCR amplicons,
Q5 Polymerase High-Fidelity 2X Master Mix (New England Biolabs
(NEB)) was used according to the manufacturer’s protocol using the
second sequencing PCR as a template. For anti-OVA antibodies, vari-
ableregionsandleader peptides were cloned into pVITRO1 (Invivogen)
plasmids that contained the constant regions for mouse IgG1 k heavy
and light chains using Gibson assembly®’. For anti-RBD antibodies,
standard restriction cloning using the type IIS restriction enzyme
BsmBI-v2 (NEB) was used. Antibodies were excluded from further test-
ingifthe plasmid sequencing did not match the expected sequence.
For human antibodies, primers were designed to amplify the vari-
able regions, excluding the leader peptides. To generate PCR ampli-
cons, Q5 Polymerase High-Fidelity 2X Master Mix (NEB) was used with
the second or third PCR as a template. Variable regions were cloned
into pVITRO1 plasmids that already contained the constant regions
for human IgG1 heavy and light chains and leader peptides (k or A;
Addgene, plasmids 61883 and 50366)°* using Gibson assembly®. For
amino acid sequences of the variable regions of the antibodies, see
Supplementary Tables 2 and 4.

Antibody expression and purification

FreeStyle 293-F cells (Thermo Fisher Scientific) were maintained in
shaking flasks in Freestyle 293 Expression Medium at 0.4-2 x 106 cells
per ml (incubator conditions: 37 °C, 70% humidity, 8% CO,and 125 rpm).
Per10°cells, 1.2 pg of DNA was mixed with 2.4 pl of 1 mg ml™ polyethyl-
enimine (linear PEl, MW 25,000, Polysciences) in one-tenth of the final
culture volume of medium. The mixture was vortexed for 15 s followed
by 15 minincubation at room temperature and added to a culture of 10°
cells per ml. Valproic acid (2-propyl-pentanoic acid; Sigma-Aldrich)
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was added 4 h post transfection to a final concentration of 3.5 mM.
The culture supernatant was collected 1 week after transfection by cen-
trifugation for 15 minat4,000g, sterile filtered and stored at 4 °C. The
supernatant was added toagravity column containing 0.5 ml of Pierce
Protein G Agarose (Thermo Fisher Scientific) pre-equilibrated with PBS.
The column was washed with ten CVs of PBS, and the antibodies were
elutedinseveral fractions of 250 pl with elution buffer (10 mM glycine,
pH2.7) into collection tubes containing 12.5 pl of neutralization buffer
(1M Tris-HCI, pH9.0). The fractions containing protein (measured by
absorbance at 280 nm) were pooled, and the buffer was exchanged to
PBS. The purity of the proteins was confirmed by SDS-PAGE. Antibodies
were excluded from further testing if it was not possible to express the
antibody in asingle attempt.

ELISA

Anti-mouse IgG ELISA. The concentration of mouse IgGin the super-
natant of encapsulated and non-encapsulated samples was deter-
mined with the IgG (total) Mouse Uncoated ELISA Kit (Invitrogen,
88-50400; assay range 1.56-100 ng ml™?). The assay was performed
with 50 pl of undiluted supernatant, a standard concentration range
0f 0.78-100 ng ml™ IgG, and with medium used as a negative control.
Absorbance was read at 450 nmin duplicate in a Varioskan LUX plate
reader (Thermo Fisher Scientific). The standard curve was created
in GraphPad Prism using the Sigmoidal, 4PL, X is log(concentration)
function. The mean signal of negative control wells was subtracted
from all measurements.

Anti-RBD/S1 ELISA. Microtiter plates (384 well Nunc MaxiSorp, flat
bottom; Thermo Fisher Scientific) were coated with 20 pl of 2 pg ml™
RBD or Slin PBS overnight at4 °C. Plates were washed twice with 90 pl
of PBS-Tand incubated for1hatroom temperature with 40 pl of block-
ing buffer (2.5% BSA in PBS-T). Plates were washed twice with PBS-T.
Antibody samples were diluted in 1% BSA in PBS-T (final concentra-
tions: 400 nM, 200 nM, 20 nM, 2 nM, 0.2 nM, 0.02 nM, 0.002 nM and
0.0002 nM), and 20 pl of the sample was added per well followed by
incubation at room temperature for 1 h. Commercial anti-RBD antibod-
ies (mouseIgGlk, clone 1035753 (R&D Systems) or human IgGlk, clone
AMO001414 (BioLegend)) and isotype controls (mouse IgGlk, clone
MGI-45 (BioLegend)) or humanIgGlk, clone QA16A12 (BioLegend)) were
used as controls. Plates were incubated for 1 h at room temperature,
washed four times with PBS-T and 20 pl of polyclonal HRP-conjugated
detection antibodies (goat anti-mouse (Thermo Fisher, G-21040) at
1:1,000 dilution or goat anti-human (Abcam, ab7153) at 1:10,000 dilu-
tion) wereadded to each well and incubated for 30 min (anti-mouse) or
45 min (anti-human) at room temperature. The plate was washed three
times with PBS-T and one time with PBS. 3,3",5,5"-tetramethylbenzidine
(Thermo Fisher Scientific; 20 pl per well) was added followed by the
addition of 0.16 M H,SO, (20 pl per well) after 5 min. Absorbance was
read at 450 nm and 540 nm in a Tecan Infinite 200 PRO plate reader.
The absorbance at 540 nm was subtracted from the signal at 450 nm. To
obtain EC, values, titration curves were plotted as absorbance versus
log (antibody concentration) and thenanalyzed by nonlinear regression
using the Sigmoidal, 5PL, Xislog(concentration) functionin GraphPad
Prism®*. For the purpose of visualization, mouse antibodies with no
quantifiable ELISA signal at the tested concentrations were assigned an
arbitrary EC5,0f1,000 nM. Mouse antibodies that did not show binding
to RBD under these conditions were also tested inan anti-streptavidin
ELISA (under the same conditions as described previously except that
plates were coated with 20 pl of 2 ug ml™ streptavidin). Under the tested
conditions, no binding to streptavidin was observed.

Determination of VHH and antibody binding affinities

Binding affinities were determined using the Octet RED96 BLI sys-
tem. VHH binding affinities were measured by immobilizing recom-
binant mouse and human isotype control antibodies (10 pg ml™) of

human IgGIA (clone AbD00264_hlgG1, BioRad) or mouse IgGlk (clone
P3.6.2.8.1, Thermo Fisher Scientific) on preconditioned anti-human
or anti-mouse IgG Fc-capture biosensors (AMC and AHC; Sartorius)
for 600 s. Control sensors were incubated in kinetics buffer (0.1% BSA
and 0.02% Tween in PBS) during the antibody loading step. Biosen-
sors were then probed with different concentrations of VHH. Mouse
mAbs (7.5 pg ml™ anti-OVA and 5 pg ml™ anti-RBD) were captured on
preconditioned anti-mouseIgG Fc-capture biosensors (AMC; Sartorius)
for 600 s. HumanmAbs (5 pg ml™ or 7.5 ug ml™) were captured on pre-
conditioned anti-human IgG Fc-capture biosensors (AHC; Sartorius)
for 600 s. Control sensors were incubated in kinetics buffer during
the antibody loading step. Biosensors were then probed with differ-
ent concentrations of the corresponding antigens. All dilutions were
performed in kinetics buffer. Sensors were regenerated with 10 mM
glycine (pH1.7). Datawere analyzed using Octet data analysis software
using al:1binding model. For the purpose of visualization, one human
antibody with no quantifiable K, at the tested concentrations was
assigned anarbitrary K, value of 10”7 M. For individual binding curves
of human RBD and S1binders, see Supplementary Fig. 2.

Live virus neutralization assays

The SARS-CoV-2 viruses used in this study were a WT (lineage B) iso-
late (SARS-CoV-2/human/Liverpool/REMRQ0001/2020), a kind gift
from I. Goodfellow (University of Cambridge), isolated by L. Turtle
(University of Liverpool), D. Matthews and A. Davidson (University
of Bristol)**", and an Omicron (lineage B.1.1.529) variant, a kind gift
from R. Gupta (University of Cambridge)”. Half-maximal inhibitory
concentrations (IC,,) forindicated mAbs were measured essentially as
previously described” *’. Inbrief, luminescent reporter cells express-
ing SARS-CoV-2 papain-like protease-activatable circularly permuted
firefly luciferase (FFluc) were seeded in flat-bottomed 96-well plates.
HEK293T-ACE2-30F-PLP2 cells (clone B7; available from the National
Institute for Biological Standards and Control, 101062) were used
to test mouse antibodies”, and A549-ACE2-TMPRSS2-30F-PLP2
cells (clone E8) were used to test human antibodies”. The next day,
SARS-CoV-2 viral stock (multiplicity of infection (MOI) = 0.01) was
pre-incubated with a threefold dilution series of each antibody for
1hat37°C, thenadded to the cells. Twenty-four hours post infection,
cells were lysed in Bright-Glo Luciferase Buffer (Promega) diluted 1:1
with1% NP-40in PBS, and FFluc activity was measured by luminometry.
Experiments were conducted in duplicate or triplicate, as indicated.
To obtain IC,, values, titration curves were plotted as FFluc versus log
(antibody concentration) and then analyzed by nonlinear regression
using the Sigmoidal, 4PL, Xis log(concentration) functionin GraphPad
Prism. IC4, values were quantified when (1) at least 50% inhibition was
observed at the highest antibody concentration tested (100 pg ml™),
and (2) asigmoidal curve with a good fit was generated. For purposes of
visualization and ranking, antibodies with no quantifiable neutralizing
capacity were assigned anarbitrary ICs, 0f1,000 pg mI™. For individual
neutralization curves, see Supplementary Fig. 3.

Epitope binning of mAbs

Forin-tandemassays of mouse antibodies, biotinylated RBD (10 pg mI™)
wasimmobilized on streptavidin BLIbiosensors (Sartorius) for 300 s.
The biosensors were then probed with 100 nM of the first antibody
for 600 s followed by 100 nM of the second antibody for 300 s. Inde-
pendent binding of both clones was verified with a buffer control. For
classical sandwich assays of human antibodies, 10 pg ml™ of the first
antibody wasimmobilized onIgG Fc-capture biosensors for 600 s. After
blocking of free capture sites on the biosensors with isotype control
(10 pg mI™%; human IgGlk, clone QA16A12; BioLegend) for 600 s, sen-
sors were incubated with 20 nM RBD for 300 s. Biosensors were then
probed with the second antibody (10 pg ml™) for 300 s. All dilutions
were performed inkinetics buffer (0.1% BSA and 0.02% Tween in PBS).
Forindividual binding curves, see Supplementary Fig. 4.
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Purification of mRBD2 Fab and RBD-Fab complex

DNA encoding for the heavy and light chains of the Fab region of mRBD2
was cloned into a bi-cistronic expression cassette in the modified
pEXp vector. The light chain was under the control of a T7 promoter
followed by ashortintergenic region containing afavorable ribosomal
bindingsite and the heavy chain with an added C-terminal His-tag. The
pExp-Fab expression vector was cotransformed with plasmid pRARE2
(extracted from Rosetta2 (DE3) cells; Novagen) into Shuffle T7 Express
cells (NEB). Cells were grown in 2xYT media with 100 pg ml™ ampicillin
and 15 pg ml™ chloramphenicol to OD,, 0.8-1.0, and protein produc-
tion was induced with 0.4 mM IPTG and proceeded for 16 h at 20 °C.
Cellswere collected, resuspended inlysis buffer (20 mM HEPES-NaOH
(pH 7.2), 300 mM NaCl, 20 mM imidazole, 250 pug mi™ of DNase I and
1 mM PMSF) and then lysed by sonication. Lysate was cleared by cen-
trifugation, and protein was purified by Ni-affinity chromatography
using PureCube Ni-NTA agarose resin. After washing the column with
20 CV of 20 mM HEPES-NaOH (pH 7.2), 300 mM NacCl and 20 mM
imidazole, the protein was eluted in 5 CV of 20 mM HEPES-NaOH (pH
7.2),300 mM NaCl and 250 mM imidazole. Next, the buffer of the eluted
protein was exchanged to 20 mM HEPES-NaOH (pH 7.2) and 20 mM
NaClusing a HiPrep 26/10 Desalting column (Cytiva), and the Fab was
loaded onto the HiTrap Capto SPImpRes column (Cytiva). The protein
waselutedinalinear gradient of 20-1,000 mM NaCl buffer containing
20 mM HEPES-NaOH (pH 7.2). Peak fractions were combined, and the
proteinwas concentrated using 30 kDaMWCO Amicon Ultraconcentra-
tors and further purified by size-exclusion chromatography using the
HiLoad Superdex 75 pg 16/60 column (Cytiva) equilibrated in 20 mM
Tris-HCI (pH 7.2) and 250 mM NacCl. For the RBD-Fab complex forma-
tion, an excess of RBD was incubated with concentrated purified Fab for
1hat22°C, and then the complexes were separated by size-exclusion
chromatography using the HiLoad Superdex 75 pg 16/60 column
(Cytiva) equilibrated in 20 mM Tris-HCI (pH 7.2) and 250 mM NaCl.
The RBD-Fab protein complex in peak fractions was concentrated to
10 mg ml™ using 30 kDaMWCO Amicon Ultra concentrators and used
for crystallization trials.

RBD-mRBD2 Fab crystallization and structure determination
Crystallization of the RBD-Fab complex was performed insitting drops
using the mosquito liquid dispensing robotic system (SPT Labtech) by
mixing 200 nl of protein solution with 200 or 100 nl of precipitant in
96-well 2-drop MRC crystallization plates. Crystals appeared in several
conditions of the Ligand-Friendly Screen (Molecular Dimensions) after
3-8 days at 16 °C; they were cryo-cooled in liquid nitrogen without
the need for additional cryoprotectant. The crystals resulting in the
presented structural data grew in a condition containing 100 mM
Bis-Tris propane (pH 6.5),200 mM potassium thiocyanate, 20% wt/vol
PEG 3350 and 10% vol/vol ethylene glycol. X-ray diffraction data were
collected at Diamond Light Source on beamline 104 and processed by
auto-processing pipelines using autoPROC and Staraniso (Global Phas-
ing). The structure was solved using molecular replacement (Phaser)
withstructures of the RBD (Protein Data Bank (PDB): 6YMO) and a Fab
fragment (PDB: 3BGF) as search models. The structure was refined with
phenix.refine®” and autoBuster (Global Phasing) with manual fixing
using Coot'’. The final structure (PDB: 8BE1) contains two RBD:Fab
complexes per asymmetric unit. As the complex made from chains
D, EandFislikely affected by crystal packing (ca. 14° shift in the RBDs
relative to the Fab; Supplementary Fig. 5), we used the other complex
for analysis. Crystallographic data collection, data reduction and
refinement statistics are shown in Supplementary Table 9.

Data analysis

Flow cytometry data were analyzed using FlowJo (version 10.7). Analy-
sis of Sanger sequencing reads was performed using Geneious Prime
(version 2019.2.1; Biomatters). Antibody sequences (V gene, ] gene,
nt identity, CDR3) were analyzed with IMGT/V-Quest from the IMGT

database”. All other bioinformatics were performed using Python.
Clonotyping was performed using an in-house script (code available
inSupplementary Information). Structural clustering was performed
using the SPACE algorithm®' (codebase released with the original
paper at https://doi.org/10.1371/journal.pcbi.1009675). All BLI data
were analyzed using Octet data analysis software (version 11.0.0.4).
Microscopy data were analyzed using Fiji*®. X-ray diffraction data
were processed using autoPROC (version1.0.2) and Staraniso (version
1.0.2) (Global Phasing). XIA2 (version 3.8.dev0) and DIALS (version
3.dev.620-g8f4b6839d) were used for crystallographic diffraction data
processing. Phenix (version 1.16), CCP4 package (version 7.1), Buster
(version 2.10.4) and Coot (version 0.9.8.1) were used for structure
determination. PyMOL (version 2.5.0) was used for structure analysis
andtogeneratestructure figures. Additional datawere analyzed using
GraphPad Prism 6 and Microsoft Excel. Adobe Illustrator (2015) was
used to create all other figures and illustrations.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Allreference data usedin clustering were sourced from publicly avail-
able studies via the CoV-AbDab (http://opig.stats.ox.ac.uk/webapps/
covabdab/). Sequences of experimentally verified antigen-specific
antibodies were deposited at Genbank (accessions 0Q208846-
0Q208931). Sequences of anti-SARS-CoV-2 antibodies were also
deposited in the CoV-AbDab. Crystallographic data were accessed
through RCSB PDB (accessions 6YMO, 3BGF and 6MO0)). Crystallo-
graphic datawere deposited at RCSB PDB under accession 8BEL. Afile
ofthe microfluidic chip designis available on DropBase (https://open-
wetware.org/wiki/DropBase:agarose_bead_generator). The plasmid
for His-Zbasic-TEV-RBD-Avi is available on Addgene (195000). Flow
cytometry raw data files and other plasmids generated in this study
are available on request. All other data are available in the main text
or in the Supplementary Information/source data. Source data are
provided with this paper.

Code availability
The code of the in-house clonotyping script can be found in the Sup-
plementary Information.

References

81. Xia, Y. & Whitesides, G. M. Soft lithography. Angew. Chem. Int. Ed.
Engl. 37, 550-575 (1998).

82. Hermans, W. J. J., Ten Haaft, M. R. & Overweel, A. Method for
affinity purification. World patent WO2006059904A1. patents.
google.com/patent/WO2006059904A1/enlt (2004).

83. Gibson, D. G. et al. Enzymatic assembly of DNA molecules up to
several hundred kilobases. Nat. Methods 6, 343-345 (2009).

84. Haughton, G., Lanier, L. L. & Babcock, G. F. The murine kappa light
chain shift. Nature 275, 154-157 (1978).

85. Lambert, C.R., Nijsure, D., Huynh, V. & Wylie, R. G. Hydrogels with
reversible chemical environments for in vitro cell culture. Biomed.
Mater. 13, 045002 (2018).

86. Schindelin, J. et al. Fiji: an open-source platform for
biological-image analysis. Nat. Methods 9, 676-682 (2012).

87. Von Boehmer, L. et al. Sequencing and cloning of antigen-specific
antibodies from mouse memory B cells. Nat. Protoc. 11, 1908-1923
(2016).

88. Bagnoli, J. W. et al. Sensitive and powerful single-cell RNA
sequencing using mcSCRB-seq. Nat. Commun. 9, 2937 (2018).

89. Karbaschi, M., Shahi, P. & Abate, A. R. Rapid, chemical-free
breaking of microfluidic emulsions with a hand-held antistatic
gun. Biomicrofluidics 11, 044107 (2017).

Nature Biotechnology


http://www.nature.com/naturebiotechnology
https://www.rcsb.org/structure/6M0J
https://www.rcsb.org/structure/3BGF
https://www.rcsb.org/structure/8BE1
https://doi.org/10.1371/journal.pcbi.1009675
http://opig.stats.ox.ac.uk/webapps/covabdab/
http://opig.stats.ox.ac.uk/webapps/covabdab/
https://doi.org/10.2210/pdb6YM0/pdb
https://doi.org/10.2210/pdb3BGF/pdb
https://doi.org/10.2210/pdb6M0J/pdb
https://www.rcsb.org/structure/8BE1
https://openwetware.org/wiki/DropBase:agarose_bead_generator
https://openwetware.org/wiki/DropBase:agarose_bead_generator
https://patents.google.com/patent/WO2006059904A1/enIt
https://patents.google.com/patent/WO2006059904A1/enIt

Article

https://doi.org/10.1038/s41587-024-02346-5

90. Hagemann-Jensen, M. et al. Single-cell RNA counting at allele and
isoform resolution using Smart-seq3. Nat. Biotechnol. 38, 708-714
(2020).

91. Gieselmann, L. et al. Effective high-throughput isolation of fully
human antibodies targeting infectious pathogens. Nat. Protoc. 16,
3639-3671(2021).

92. Brochet, X., Lefranc, M.-P. & Giudicelli, V. IMGT/V-QUEST:
the highly customized and integrated system for IG and TR
standardized V-J and V-D-J sequence analysis. Nucleic Acids Res.
36, W503-W508 (2008).

93. Dodey, T.S. et al. A tool kit for rapid cloning and expression of
recombinant antibodies. Sci. Rep. 4, 5885 (2015).

94. Gottschalk, P. G. & Dunn, J. R. The five-parameter logistic: a
characterization and comparison with the four-parameter logistic.
Anal. Biochem. 343, 54-65 (2005).

95. Daly, J. L. et al. Neuropilin-1is a host factor for SARS-CoV-2
infection. Science 370, 861-865 (2020).

96. Patterson, E. I. et al. Methods of inactivation of SARS-CoV-2 for
downstream biological assays. J. Infect. Dis. 222, 1462-1467
(2020).

97. Meng, B. et al. Altered TMPRSS2 usage by SARS-CoV-2 Omicron
impacts infectivity and fusogenicity. Nature 603, 706-714 (2022).

98. McCoy, A. J. et al. Phaser crystallographic software. J. Appl.
Crystallogr. 40, 658-674 (2007).

99. Afonine, P. V. et al. Towards automated crystallographic structure
refinement with phenix.refine. Acta Crystallogr. D Biol. Crystallogr.
68, 352-367 (2012).

100. Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and
development of Coot. Acta Crystallogr. D Biol. Crystallogr. 66,
486-501(2010).

Acknowledgements

We thank J. Cerveira and the Flow Cytometry Facility from the School
of the Biological Sciences at the University of Cambridge for their
support and assistance in this work, K. Stott from the Biophysics
Facility of the Department of Biochemistry at the University of
Cambridge for help with BLI measurements, J. Holstein for help with
the chemical synthesis of BG-agarose and members of the Hollfelder
Laboratory for comments on the paper. The authors are grateful for
support from the X-ray Crystallographic Facility at the Department

of Biochemistry at the University of Cambridge and Diamond Light
Source for access to beamline i04 for the collection of diffraction
data (proposal mx25402). This work was supported by the EU Horizon

2020 program (ERC Advanced Investigator Awards 69566 to F.H. and
EU H2020 Marie Sktodowska-Curie Individual Fellowship (MSCA-IF
750772) to T.S.K), the Medical Research Council (MRC) (grant ref.
MC_UU_00025/12 to J.E.DT. and TSF ref. MR/T032413/1to N.J.M.,

and a scholarship to K.F.), the Medical Research Foundation (MRF-
057-0002-RG-THAV-C0798 to J.E.DT.), the NIHR Cambridge BRC (to
J.E.DT.), NHSBT (grant ref. WPA15-02 to N.J.M.), the Wellcome Trust
(ISSF ref. 204845/7/16/Z to N.J.M.), Addenbrooke’s Charitable Trust
(grant ref. 900239 to N.J.M.), a scholarship from the Cambridge
European Trust (to K.F.), a scholarship from St. John’s College
Cambridge (to K.F.), a Postdoctoral Research fellowship by Boehringer
Ingelheim (to M.I.J.R.), an AstraZeneca studentship (to T.N.K.) and a
Gates Cambridge Scholarship (to G.L.P.).

Author contributions

K.F. and F.H. conceptualized the study. K.F., A.L., TY.S,, PP-G., TN.K,,
JCY.-P, TSK., R.H., G.L.P, F.L.-M. and P.B. performed experiments.
M.1.J.R. developed software and analyzed data. K.F. and F.H. wrote the
paper with input from all authors. F.H., J.E.DT.,, M.H., CM.D. and N.J.M.
supervised the work.

Competinginterests

C.M.D. discloses membership of the Scientific Advisory Board of
Fusion Antibodies and Al proteins. All other authors declare no
competing interests.

Additional information
Extended data is available for this paper at
https://doi.org/10.1038/s41587-024-02346-5.

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41587-024-02346-5.

Correspondence and requests for materials should be addressed to
James E. D. Thaventhiran or Florian Hollfelder.

Peer review information Nature Biotechnology thanks Peter
Kristensen, Clément Nizak and the other, anonymous, reviewer(s) for
their contribution to the peer review of this work.

Reprints and permissions information is available at
www.nature.com/reprints.

Nature Biotechnology


http://www.nature.com/naturebiotechnology
https://doi.org/10.1038/s41587-024-02346-5
https://doi.org/10.1038/s41587-024-02346-5
https://doi.org/10.1038/s41587-024-02346-5
https://doi.org/10.1038/s41587-024-02346-5
http://www.nature.com/reprints

Article https://doi.org/10.1038/s41587-024-02346-5

Hy
1. Carbonyldiimidazole 04{‘_‘\%1
+ triethylamine (1 h) _< > / —
° N NH

N v
1 5 \
OH N7 ON OH
W = S
OH —_—> OH
HTO o ) HTO O\ﬁ\
OH \ﬁm 2. Benzylguanine-NH, (ON) H HO©
n . n
Agarose : p{;g Benzylguanine agarose
o %
b
GFP
ﬁ, P SNAP @*
RN :/ _ N
OH OH
OH @* OH
Hlo@»ﬂ 3 NJ[O - cﬁfg}
n SNAP-GFP n
Benzylguanine agarose GFP agarose
127 *R%%
'5: 6 6 & o o
8 10
S
o 81 +
|}
C
&
Y 6
o +
=]
o«
& 47
(V)
C
T 21 ¥
1S ¢
*
0 — T — T
108 107 108 10° 1010 10"
GFP molecules/bead
Extended Data Fig. 1| Synthesis and characterization of benzylguanine flow cytometry. The fluorescence signal saturates between 1.3 and 2.7 x 10° GFP
(BG)-agarose. (a) Synthesis of BG-agarose. (b) Assessment of 1.5% (wt/vol) molecules/bead. Data are represented as mean values + SD, and at least 18,827
BG-agarose capture valency. BG-agarose beads were incubated with different beads were analyzed per condition (unpaired ¢-test, two-sided p < 0.0001). Data
amounts of GFP-SNAP, and the GFP fluorescence of the beads was analyzed by from one independent experiment is shown.

Nature Biotechnology


http://www.nature.com/naturebiotechnology

Article https://doi.org/10.1038/s41587-024-02346-5

a b 4
040 .,»4‘
RN e\
@ Antigen —— o / i .
A 030 f . S
o s { /?\1\ .\‘w\;\
@ v S , e
(K, ~ pM to nM) - Secreted £ Eom |/ \M.MMNMMW
Anti-lgG F antibody os | | e
(K, ~ pMto nM) h 44nM o0 |/ ! M‘“‘“““‘“’“““‘"\me Ll‘gg':M
1.48nM A e 444nM
e P -~ S— 0.49 "M ” M/;L:‘ = 1.48nM
0.16nM ’ I 049nM
1500 2000 2500 3000 3500 4000 4500 0 500 1000 1500 2000 2500 3000 3500 4000 4500
Time(s) Time(s)
d e
VHH Ligand Analyte kOn (M'1S'1) kOﬂ (S'l) KD(M) mAb VHH or antigen  VHH or antigen
anti-mouse K 19G VHH 7.06E5 1.18E-5 1.67E-11 )
Anti-lgG M
anti-human A 19G VHH 1.82E5 2.46E-4 1.35E-9 VAN
anti-humank”  VHH  Fab 1.24E5 7.78E-4  6.27E-9 mAb ?VHH
anti-humank®  VHH 19G 4.18E5 5.29E-8 1.27E-13 Antigen
=== mADb + anti-mouse k VHH + RBD
=== mADb + RBD + anti-mouse k VHH
-mAb 02 Anti-mouse k VHH
=== Buffer control
— - Anti-mouse IgG 0 —
600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700
Time(s)
f
Ant|-|gG Fc mAb VHH or antigen  VHH or antigen mAb VHH or antigen  VHH or antigen
25
mAb){g VHH
20
g
Antigen e 15
1.0
=== mAD + anti-human k/A VHH + RBD
=== mAD + RBD + anti-human /A VHH
-mAb 05
— Buffer control Anti-human k VHH Anti-human A VHH
0 0
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400
Time(s) Time(s)
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(a) Capture matrix requirements for secreted proteins: epitopes of capture of multivalent binding. Values for the anti-human k VHH have been determined
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mouse IgGlk antibody by biolayer interferometry with antibody as ligand and to determine epitope overlap of capture and detection reagents. Binding of anti-
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with antibody as ligand and VHH as analyte: K, = 1.35 + 0.004 nM, x*>= 0.7345,
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Extended DataFig. 3| Cell survival and IgG secretion of encapsulated mouse
bone marrow plasma cells over time. (a) Cell viability of encapsulated and
non-encapsulated cells after incubation in culture medium for different time
periods. Viability was analyzed by flow cytometry (gated on single cells or single
beads/CD138/live; gating strategy in Supplementary Fig. 2). (b) Detection of IgG
inthe culture supernatant of encapsulated (red) and nonencapsulated cells (dark
gray) by ELISA at different time points. The dashed line indicates the sensitivity of
the assay (absorbance corresponding to 1.56 ng/mL IgG). The solid lines denote
the mean of two technical replicates. (c) IgGl secretion of encapsulated and
non-encapsulated cells over time was analyzed by flow cytometry. To determine
the extent of cross-contamination between beads, the IgG1 signal of plasma cells
(CD138*) was compared to the signal of empty beads or cells that lack the plasma

cellmarker (CD1387; gating strategy in Supplementary Fig. 3). The numbers in
the top right corner indicate the percentage of IgG* events in the CD138" (red)
and CD138" (blue) populations (IgG* gate indicated by a gray line). The numberin
the bottom right corner indicates the percentage of ‘true positives’ (percentage
of IgG* events originating from CD138" based on the sum of IgG* events from
both CD138" and CD138™ populations). The plots show a minimum of 10,019
(CD1387) and 2,533 (CD138") events at 2% contour level. (d) Time course of ASC
IgG secretion and background based on c. Left axis: percentage of IgG1-positive
events inthe CD138" (red diamonds) and CD138" (blue diamonds) populations
for each analyzed time point. Right axis (gray diamonds): percentage of events in
the IgGl gate that originate from CD138" and not from CD138".
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Extended Data Fig. 4| Generation of anti-OVA antibodies from encapsulated
mouse bone marrow plasma cells and analysis of confocal images. (a) Analysis
of confocal microscopy image of an encapsulated OVA-specific bone marrow
plasma cell showing the spatial distribution of CD138 (AF647), 1gG (AF405)

and OVA (AF555) within the VHH-functionalized BG-agarose bead. The graphs
display the pixel intensity along the red line from left to right. IgG and OVA
signal intensity decrease as a function of distance from the encapsulated cell. A
representative image of over 40 images obtained from two biological replicates
is shown. Additional confocal images can be found in Supplementary Fig. 4.

(b) Comparison of the IgG signal distribution of a hydrogel bead containing a
cell with aneighboring empty bead. The cross-section for analysis is indicated
by ared line. A representative image from two biological replicates is shown.
Additional confocal images can be found in Supplementary Fig. 4. (c) Mouse

immunization and analysis scheme. Bone marrow plasma cells (CD138") were
magnetically enriched. Cells were encapsulated into VHH-functionalized
BG-agarose. OVA-specific plasma cells were sorted with fluorescently labeled
monomeric OVA (OVA-AF647). (d) Comparison of IgG signal originating from
plasma cells in BG-agarose beads incubated with (+VHH) or without VHH-
SNAP-FLAG (-VHH; different experiment than shown in Fig. 1). The plots show
527 (-VHH) and 1,280 (+VHH) events at 2% contour level. (e) Representative
gating strategy for identifying OVA-specific plasma cells from bone marrow.
Live plasma cellsinside hydrogel beads were gated as live/FLAG"/CD138* (VHH-
SNAP contains a FLAG tag). (f) Determination of binding affinity of mOVAland
mOVA2 by biolayer interferometry: mOVAL K, = 2.36 + 0.02 nM, x> = 0.0705,
R?=0.985.mOVA2: K, = 0.684 + 0.004 nM, x> = 0.0388, R*= 0.9919. Tested OVA
concentrations:1.02-16 nM.
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Extended Data Fig. 5| Workflow with spleen-derived ASCs. (a) Mouse
immunization and analysis scheme. (b) Comparison of IgG signal originating
from ASCs in BG-agarose beads incubated with (+VHH) or without VHH-SNAP-
FLAG (-VHH; different experiment than shownin c). The plots show 3,663 (-VHH)

and 2,290 (+VHH) events at 2% contour level. (c) Representative gating strategy
for identifying OVA-specific ASCs from spleen. Live ASCs inside hydrogel beads
were gated as live/FLAG’/CD138" (VHH-SNAP contains a FLAG tag).
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Extended Data Fig. 6 | Sorting of mouse RBD-specific plasma cells and
characterization of anti-RBD antibodies. (a) Comparison of IgG signal
originating from plasma cells in BG-agarose beads incubated with (+VHH) or
without VHH-SNAP (-VHH; different experiment than shownin Fig.2). The

plots show 2,536 (-VHH) and 14,606 (+VHH) events at 2% contour level. (b)
Representative gating strategy for identifying RBD-specific plasma cells from
mouse bone marrow (gated as live/CD138"/IgM/IgG*/RBD"). (c) Anti-RBD ELISA.
Workflow-derived antibodies are shown in black (binders) or blue (non-binders),
acommercial positive control (clone 1035753, R&D Systems) is shown in red

and anisotype control (mouse IgGlk, clone MG1-45; BioLegend) is shown in

1 1(|) 1 (I)O
Antibody (ug/mL)

0 200 400 600 800 1000 1200 1400
Time(s)
gray. The plot shows the mean of two technical replicates, representative of
two independent experiments. (d) Neutralization of SARS-CoV-2 by mRBD1
and mRBD2. Wild-type SARS-CoV-2 (MOI = 0.01) was pre-incubated with a
3-fold dilution series of each antibody and then used to infect luminescent
reporter cells. Levels of infection after 24 h were quantified as % of maximum
luminescence. Mean values + SD of three technical replicates are shown,
representative of three independent experiments. IC,, half-maximal inhibitory
concentration. (e) Determination of binding affinity of mRBD1and mRBD2 by
biolayer interferometry: mRBD1: K, = 0.864 + 0.07 nM, x> = 0.0547,R? = 0.991.
mRBD2: K, =4.78 + 0.04 nM, x*= 0.1111, R*= 0.9928.
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Extended Data Fig. 7 | Stimulation of normal human PBMCs into ASCs and
analysis of antibody secretion by flow cytometry and microscopy.

(a) Stimulation conditions and workflow for proof-of-concept in normal PBMCs.
To obtain ASCs from normal PBMCs, B cells were stimulated with CD40L, IL-21
and anti-IgM antibodies. (b) IgG secretion of stimulated PBMCs encapsulated
into hydrogel beads. The plot shows 66,173 events at a contour level of 2%; the
gating strategy is shownind. (c) Analysis of encapsulated stimulated PBMCs by
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epifluorescence microscopy. Hydrogel beads were stained with fluorescently
labeled anti-CD38 (APC) and anti-human IgG antibodies (PE). The hydrogel

bead boundary is shown as a dotted line. A representative image from one
independent experiment is shown. (d) Gating strategy for identifying IgG-
secreting human ASCs from stimulated B cells. ASCs were gated as DAPI"/CD14 7/
CD37/1gD/FLAG'/CD19"/CD207/CD27/CD38" (VHH-SNAP contains a FLAG tag).
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Extended Data Fig. 8| Sorting of SARS-CoV-2 RBD-specific human ASCs.

(a) Comparison of IgG signal originating from cryopreserved ASCs on d7 post
vaccination in BG-agarose beads incubated with (+VHH) or without VHH-SNAP (-
VHH; different experiment than shown in Fig. 3). The plots show 1,139 (-VHH) and
1,289 (+VHH) events at 2% contour level. (b) Comparison of RBD-specific signal
of cryopreserved ASCs on d7 post vaccination in BG-agarose beads incubated
with (+VHH, secreted antibodies) or without VHH-SNAP (-VHH, surface

antibodies). The plots show 1,139 (-VHH) and 1,289 (+VHH) events at 2% contour
level. (c) Representative gating strategy for identifying RBD-specific human
ASCs (gated as live/CD207/CD38/1gM/IgG*/RBD*) and comparison of fresh
and cryopreserved samples (day 8 post vaccination). Cells in hydrogels could
be easily identified by forward and side scatter; therefore, the gating is different
compared to other experiments.
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Extended Data Fig. 9 | Sorting of SARS-CoV-2 S1-specific human ASCs. (a)
Comparison of IgG signal originating from ASCs in BG-agarose beads incubated
with (+VHH) or without VHH-SNAP (-VHH). The plots show 823 (-VHH) and
6,870 (+VHH) events at 2% contour level. (b) Representative gating strategy
foridentifying S1/RBD-specific human ASCs. (c) Neutralization of SARS-CoV-2

by hS1-1. Wild-type SARS-CoV-2 (MOI = 0.01) was pre-incubated with a 3-fold
dilution series of hS1-1and then used to infect luminescent reporter cells. Levels
of infection after 24 h were quantified as % of maximum luminescence. Mean
values of two technical replicates are shown, representative of two independent
experiments. ICs, half-maximal inhibitory concentration.
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Extended Data Fig.10 | Comparison of human anti-SARS-CoV-2 RBD
antibodiesisolated in this work with antibodies isolated by LIBRA-seq.

(a) Comparison of affinities (Kp). All characterized RBD binders were included
inthe comparison. For antibodies isolated in this work, the same K, values are
depicted in Fig. 3d. Antibody affinity measurements by BLI were performed once
but using at least four different analyte concentrations. For antibodies isolated
by LIBRA-seq>, previously reported values are shown. Horizontal lines denote

100

10

IC,, (ug/mL)

0.1

0.01

the median. (b) Comparison of neutralizing capacities. Only antibodies tested
against authentic SARS-CoV-2 were included in the comparison. For antibodies
isolated in this work, the same IC,, is depicted in Fig. 3e. Mean values of two
technical replicates are shown. For antibodies isolated by LIBRA-seq, previously
reported values are shown. Different neutralization assays were used in the two
studies.
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software (Sartorius), ELISA measurements on Infinite 200 PRO Tecan: i-control software 1.10 (Tecan) and on Varioskan LUX: Skanlt software
6.1.0.5.1 (Thermo Fisher), luminescence measurements: ClarioStar software (BMG Labtech).

Data analysis Flow cytometry data were analysed using FlowJo (version 10.7). Analysis of Sanger sequencing reads was performed using Geneious Prime
(version 2019.2.1, Biomatters). Antibody sequences (V gene, J gene, nt identity, CDR3) were analysed with IMGT/V-Quest from the IMGT
database (Brochet at al., 2008). All other bioinformatics were performed using Python. Clonotyping was performed using an in-house script
(code available in Supplementary Information). Structural clustering was performed using the SPACE algorithm51 (codebase released with the
original paper at https://doi.org/10.1371/journal.pcbi.1009675). All BLI data were analysed using the inbuilt Octet data analysis software
(version 11.0.0.4). Microscopy data were analysed using Fiji (Schindelin et al., 2012). X-ray diffraction data were processed using autoPROC
(version 1.0.2) and Staraniso (version 1.0.2). Global Phasing Ltd). XIA2 (ver. 3.8.dev0) and DIALS (ver. 3.dev.620-g8f4b6839d) were used for
crystallographic diffraction data processing, Phenix (version 1.16), CCP4 package (version 7.1), Buster (version 2.10.4) and Coot (version
0.9.8.1) were used for structure determination. PyMOL (version 2.5.0) was used for structure analysis and for figures. Additional data were
analysed using GraphPad Prism 6 and Microsoft Excel. Adobe lllustrator (2015) was used to create figures and illustrations.
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All reference data used in clustering were sourced from publicly available studies via the Coronavirus Antibody Database (CoV-AbDab, http://opig.stats.ox.ac.uk/
webapps/covabdab/). Sequences of experimentally verified antigen-specific antibodies were deposited at Genbank (accession numbers 0Q208846 - 0Q208931).
Sequences of anti-SARS-CoV-2 antibodies were also deposited in the CoV-AbDab. Crystallographic data were accessed through RCSB PDB (accession numbers:
6YMO, 3BGF, 6M0J). Crystallographic data were deposited at RCSB PDB under accession number 8BE1. A file of the microfluidic chip design is available on DropBase
(https://openwetware.org/wiki/DropBase:agarose_bead_generator). The plasmid for His-Zbasic-TEV-RBD-Avi is available on Addgene (no. 195000). Flow cytometry
raw data files and other plasmids generated in this study are available on request. All other data are available in the main text or the Supplementary Information/
Source Data.
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Reporting on sex and gender Two individuals were sampled: one male one female. Sex was not considered in the study design and would not effect any of
the significant results presented in this report.

Population characteristics The research participants were 38 (female) and 48 (male) years old. Both individuals were healthy with no known medical
diagnosis.
Recruitment These subjects were recruited as study participants involved in COVID-19 vaccine studies within the host laboratory. They

were enrolled based on their clinically healthy status and previous BNT162b2 vaccination. We are not aware of any biases in
recruitment.

Ethics oversight Samples were collected with the written informed consent of all study participants under the NIHR National BioResource-
Research Tissue Bank (NBR-RTB) ethics (REC:17/EE/0025).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Sample size No sample size calculation was performed. We wanted to highlight that even from a small number of mouse and human samples, we can
generate potent antibody reagents. Participants or mice were not selected based on other immunological analyses (e.g. ELISPOT). No
conclusions are drawn regarding a larger population. Antibodies for expression were selected based on the criteria outlined in the manuscript,
the number of antibodies chosen for expression was limited by the ability of a single researcher to express, purify and test them within a short
time frame.

Data exclusions  Antibodies were excluded from further testing if the plasmid sequencing did not match the expected sequence or if it was not possible to
express the antibody in a single attempt.

Replication Two independent experiments were performed in technical duplicate for all ELISAs for monoclonal antibody testing and neutralization assays.
Experiments were performed in technical duplicate for ELISA for IgG quantification in culture supernatant. Confocal imaging was performed
for two independent experiments. FACS of antigen-specific ASCs was performed for two independent experiments except for sorting of SARS-
CoV-2 S1-specific human ASCs which was performed once. Only cells from one of the two independent experiments were sorted and
sequenced. Antibody affinity measurements by BLI were performed once but using at least four different analyte concentrations. All
experiments were replicated successfully.

Randomization  Non-interventional study. No experimental groups were employed in this work and randomization was therefore neither possible nor
relevant.
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Blinding Non-interventional study. No experimental groups were employed in this work and randomization was therefore neither possible nor
relevant.
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system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies [ ] chiP-seq
Eukaryotic cell lines D E Flow cytometry
Palaeontology and archaeology X] D MRI-based neuroimaging

Animals and other organisms

Clinical data
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Dual use research of concern

Antibodies

Antibodies used Antibody capture reagents
Anti-mouse kappa VHH (TP1170, Pleiner et al., 2018), anti-human kappa VHH (HuFab kappa 1, Hermans et al., 2004, patent
W02006/059904A1) and anti-human lambda VHH (HuFab lambda 1, Hermans et al., 2004, patent WO2006/059904A1) were
expressed as described in the manuscript.

Antibodies used in flow cytometry and microscopy

Anti-streptavidin antibody (clone 3A20.2, BioLegend, cat# 410501, RRID: AB_2564569)

anti-mouse CD138 PE (clone 281-2, BioLegend, cat#: 142504, RRID: AB_10916119)

anti-mouse CD138 BV785 (clone 281-2, BioLegend, cat# 142534, RRID: AB_2814047)

anti-mouse CD138 Alexa Flour 647 (clone 281-2, BioLegend, cat# 142526, RRID: AB_2566239)
anti-FLAG PE-Cy7 (clone L5, BiolLegend, cat#: 637324, RRID: AB_2750063)

anti-mouse 1gG1 BV421 (clone RMG1-1, BioLegend, cat#: 406616, RRID: AB_2562234)

anti-mouse 1gG2a/2b BV421 (clone R2-40, BD, cat# 744292, RRID: AB_2742122)

anti-mouse 1gG2a BV421 (clone RMG2a-62, BiolLegend, cat# 407117, RRID: AB_2687343)
anti-mouse 1gG3 BV421 (clone R40-82, BD, cat# 565808, RRID: AB_2739364)

anti-mouse I1gM BV605 (clone RMM-1, BioLegend, cat# 406523, RRID: AB_2563358)
anti-mouse/human CD45R/B220 BV785 (clone RA3-6B2, BioLegend, cat# 103246, RRID: AB_2563256)
anti-mouse CD138 BV785 (clone 281-2, BioLegend, cat# 142534, RRID: AB_2814047)

anti-mouse 1gG1 PerCP-Cy5.5 (clone RMG1-1, BioLegend, cat# 406612, RRID: AB_2562000)
anti-mouse/human CD45R/B220 AF647 (clone RA3-6B2, BioLegend, cat# 103226, RRID: AB_389330)
donkey anti-mouse 1gG Alexa Fluor Plus 405 (polyclonal, Thermo Fisher, cat# A48257, RRID: AB_2884884)
anti-human 1gM antibody (polyclonal, Jackson ImmunoResearch, cat# 109-006-129, RRID: AB_2337553),
anti-human CD14 VioBlue (clone TUK4, Miltenyi, cat# 130-113-152, RRID: AB_2725980)

anti-human CD3 VioBlue (clone BW264/56, Miltenyi, cat# 130-113-695, RRID:AB_2726236)
anti-human 1gD VioBlue (clone IgD26, Miltenyi, cat# 130-123-258, RRID: AB_2802018)

anti-human CD19 VioBright-FITC (clone LT19, Miltenyi, cat# 130-113-173, RRID: AB_2726000)
anti-human CD27 APC-Vio770 (clone M-T271, Miltenyi, cat# 130-113-627, RRID: AB_2751155)
anti-human CD20 PE-Vio770 (clone LT20, Miltenyi, cat# 130-113-937, RRID: AB_2733214)
anti-human CD38 APC (clone IB6, Miltenyi, cat# 130-113-424, RRID: AB_2733375)

anti-human 1gG Fc PE (clone HP6017, BioLegend, cat# 409304 (discontinued), RRID: AB_10895907)
anti-human IgM BV711 (clone MHM-88, BioLegend, cat# 314540, RRID: AB_2687215)

anti-FLAG Alexa Fluor 594 (clone L5, BioLegend, cat# 637314, RRID: AB_2810689)

anti-human 1gM BV785 (clone MHM-88, BioLegend, cat# 314544, RRID: AB_2800832)

anti-human CD38 BV421 (clone HB-7, BioLegend, cat# 356618, RRID: AB_2566231)

anti-human CD20 BV510 (clone 2H7, BioLegend, cat# 302340, RRID: AB_2561941)

anti-human IgA PE (clone IS11-8E10, Miltenyi, cat# 130-114-002, RRID: AB_2733860)

anti-human CD38 BV510 (clone HB-7, BioLegend, cat# 356612, RRID: AB_2563875)

anti-human CD20 PE-Cy7 (clone 2H7, BioLegend, cat# 302312, RRID: AB_314260)

Antibodies for ELISA and biolayer interferometry

mouse anti-SARS-CoV-2 Spike RBD (clone 1035753, R&D systems, cat# MAB105808, RRID: AB_2927628)

human anti-SARS-CoV-2 S1/RBD antibody (clone AM001414, BioLegend, cat# 938702, RRID: AB_2876764)

mouse IgG1k isotype control (clone MG1-45, BioLegend, cat# 401402, RRID: AB_2801451)

human IgG1k isotype control (clone QA16A12, BioLegend, cat# 403501, RRID: AB_2927629)

goat anti-mouse 1gG (H+L) HRP conjugated secondary antibody (polyclonal, Thermo Fisher, cat# G-21040, RRID: AB_2536527)
goat anti-human IgG (H+L) HRP conjugated secondary antibody (polyconal, Abcam, cat# ab7153, RRID: AB_955414)

1gG (Total) Mouse Uncoated ELISA Kit (#88-50400, Invitrogen)

biotinylated anti-mouse 1gG1 antibody (clone RMG1-1, BioLegend, cat# 406604, RRID: AB_315063)
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Validation

human IgG1A isotype control (anti-GFP, clone AbD00264_hlgG1, BioRad, cat#HCAO049, RRID: AB_1102929)
mouse IgG1k isotype control (clone P3.6.2.8.1, Thermo Fisher, cat# 14-4714-85, RRID: AB_470112)

Antibodies used for crosslinking and stimulation
anti-human 1gM antibody (F(ab'), Fragment, goat polyclonal, Jackson ImmunoResearch, cat# 109-006-129, RRID: AB_2337553),
anti-HA tag antibody (clone 543851, R&D Systems, cat# MABO60, RRID: AB_10719128)

Antibodies used for viral neutralization assays
REGEN-COV (Ronapreve) monoclonal antibody cocktail (casirivimab and imdevimab, Regeneron Pharmaceuticals)

All other used antibodies were generated in this study, sequences can be found in the Supplementary Information.

Antibody capture reagents (VHHs) were characterised in the publications cited in the manuscript and were tested for binding in BLI
experiments. Commercially obtained antibodies were QC tested and validated by the respective suppliers (see below).

Antibodies from Biolegend

All of our products undergo industry-leading rigorous quality control (QC) testing to ensure the highest level of performance and
reproducible results. Each lot is compared to an internally established "gold standard" to maintain lot-to-lot consistency. We also
conduct wide-scale stability studies to guarantee an accurate shelf-life for our products. Additionally, we test the majority of our
products on endogenous cells rather than transfected or immortal cells that may overexpress the analyte.

Validation of flow cytometry reagents: Specificity testing of 1-3 target cell types with either single- or multi-color analysis (including
positive and negative cell types). Once specificity is confirmed, each new lot must perform with similar intensity to the in-date
reference lot. Brightness (MFI) is evaluated from both positive and negative populations. Each lot product is validated by QC testing
with a series of titration dilutions. Each lot of the antibodies is quality control tested by immunofluorescent staining with flow
cytometric analysis.

anti-streptavidin antibody (clone 3A20.2, BioLegend, cat# 410501, RRID: AB_2564569), validated for flow cytometry

anti-mouse CD138 PE (clone 281-2, BioLegend, cat#: 142504, RRID: AB_10916119), validated for flow cytometry, verified reactivity:
mouse

anti-mouse CD138 BV785 (clone 281-2, BioLegend, cat# 142534, RRID: AB_2814047), validated for flow cytometry, verified
reactivity:mouseanti-mouse CD138 Alexa Flour 647 (clone 281-2, BioLegend, cat# 142526, RRID: AB_2566239), validated for flow
cytometry, additional reported applications include: immunofluorescent staining (Miettinen H, et al. 1994. J. Cell. Sci. 107:1571, Li Q,
et al. 2002. Cell 111:635), verified reactivity: mouse

anti-mouse CD138 BV785 (clone 281-2, BioLegend, cat# 142534, RRID: AB_2814047), validated for flow cytometry, verified reactivity:

mouse

anti-FLAG PE-Cy7 (clone L5, BioLegend, cat#: 637324, RRID: AB_2750063), validated for flow cytometry

anti-FLAG Alexa Fluor 594 (clone L5, BioLegend, cat# 637314, RRID: AB_2810689), validated for flow cytometry

anti-mouse 1gG1 BV421 (clone RMG1-1, BioLegend, cat#: 406616, RRID: AB_2562234), verified reactivity: mouse, validated for flow
cytometry.

anti-mouse 1gG1 PerCP-Cy5.5 (clone RMG1-1, BioLegend, cat# 406612, RRID: AB_2562000), validated for flow cytometry, verified
reactivity: mouse

biotinylated anti-mouse 1gG1 antibody (clone RMG1-1, BioLegend, cat# 406604, RRID: AB_315063), validated for ELISA, verified
reactivity: mouse. We used this antibody in a biolayer interferometry competition assay as it is the same clone as we used in flow
cytometry stainings.

anti-mouse 1gG2a BV421 (clone RMG2a-62, BioLegend, cat# 407117, RRID: AB_2687343), validated for flow cytometry. The
RMG2a-62 monoclonal antibody reacts with immunoglobulin G2a and G2c (IgG2a, IgG2c) and in all tested mouse haplotype (Igh-a
and b).

anti-mouse I1gM BV605 (clone RMM-1, BioLegend, cat# 406523, RRID: AB_2563358), verified reactivity: mouse, validated for flow
cytometry

anti-mouse/human CD45R/B220 BV785 (clone RA3-6B2, BioLegend, cat# 103246, RRID: AB_2563256), validated for flow cytometry,
verified reactivity: mouse and human

anti-mouse/human CD45R/B220 AF647 (clone RA3-6B2, BioLegend, cat# 103226, RRID: AB_389330), validated for flow cytometry,
verified reactivity: mouse and human

anti-human 1gG Fc PE (clone HP6017, BioLegend, cat# 409304 (discontinued), RRID: AB_10895907), verified reactivity: human,
validated for flow cytometry

anti-human 1gM BV711 (clone MHM-88, BioLegend, cat# 314540, RRID: AB_2687215), validated for flow cytometry, verified
reactivity: human

anti-lgM BV785 (clone MHM-88, BioLegend, cat# 314544, RRID: AB_2800832), validated for flow cytometry, verified reactivity:
human

anti-human CD38 BV421 (clone HB-7, BioLegend, cat# 356618, RRID: AB_2566231), validated for flow cytometry, verified reactivity:
human

anti-human CD38 BV510 (clone HB-7, BioLegend, cat# 356612, RRID: AB_2563875), validated for flow cytometry, verified reactivity:
human

anti-CD20 BV510 (clone 2H7, BioLegend, cat# 302340, RRID: AB_2561941), validated for flow cytometry, verified reactivity: human
anti-CD20 PE-Cy7 (clone 2H7, BioLegend, cat# 302312, RRID: AB_314260), validated for flow cytometry, verified reactivity: human
human anti-SARS-CoV-2 S1/RBD antibody (clone AM001414, BioLegend, cat# 938702, RRID: AB_2876764), validated for ELISA,
verified reactivity: SARS-CoV-2. Each lot is quality control tested by its ability to block the binding between recombinant human ACE2
(Cat. No. 792002) and SARS-CoV-2 S protein S1-Fc chimera (Cat. No. 793004).

mouse IgG1k isotype control (clone MG1-45, BioLegend, cat# 401402, RRID: AB_2801451). The MG1-45 immunoglobulin is useful as
an isotype-matched control for Western blotting, immunoprecipitation, immunohistochemistry, functional assay,
immunofluorescence microscopy, immunocytochemistry and immunofluorescent staining (surface or intracellular) for flow
cytometric analysis. It was chosen as an isotype control after screening on a variety of resting, activated, live, and fixed mouse, rat
and human tissues. Each lot of this antibody is quality control tested by immunofluorescent staining with flow cytometric analysis as
negative control

human IgG1k isotype control (clone QA16A12, BioLegend, cat# 403501, RRID: AB_2927629). QA16A12 is a full length recombinant
human 1gG1 consisting of both heavy and light chains. It can be used as an isotype control when evaluating fully human, humanized,
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or chimeric antibodies. This product is suitable as an isotype-matched control for ELISA, immunoblotting, FACS, IHC, and functional
studies. Each lot of this antibody is quality control tested by immunofluorescent staining with flow cytometric analysis as negative
control.

Antibodies from BD Biosciences

The specificity is confirmed by using multiple applications that may include a combination of flow cytometry, immunofluorescence,
immunohistochemistry or western blot to test a combination of primary cells, cell lines or transfectant models. All flow cytometry
reagents are titrated on the relevant positive or negative cells.

anti-mouse 1gG2a/2b BV421 (clone R2-40, BD, cat# 744292, RRID: AB_2742122), validated for flow cytometry, verified reactivity:
mouse. The R2-40 monoclonal antibody specifically recognizes a common epitope, probably located in the CH1 domain, shared by
mouse 1gG2a, and IgG2b, of Igh-Ca and Igh-Cb haplotypes. It does not react with other Ig isotypes.

anti-mouse 1gG3 BV421 (clone R40-82, BD, cat# 565808, RRID: AB_2739364), validated for flow cytometry, verified reactivity: mouse

Antibodies from Miltenyi Biotec
We follow a certified quality management system in compliance with international standards. Every step during production of an

antibody is rigorously monitored and controlled by adequate measures that follow predefined standard operating procedures (SOPs).

This includes entry controls of all raw materials, in-process controls, and quality assays of pure antibody batches, as well as final
products.

After a product has passed all in-process control steps, it is finally filled into vials. At this stage, it goes through rigorous QC testing to
guarantee high quality and consistent product performance from lot to lot. The final quality control is also performed to ensure that
every product sent to customers has been tested in its final formulation and filling. This is performed for a given application on
suitable tissue samples with internally defined specifications. Some of our antibodies can be used for several applications, although
they will have been initially tested and released for only one of these. In such cases, not every application has been run through our
final QC testing procedure, but has been instead reported or tested during development. You can easily find this information on
every product page within the application section (reported, during development, or QC tested).

anti-human CD14 VioBlue (clone TUK4, Miltenyi, cat# 130-113-152, RRID: AB_2725980), validated for flow cytometry, verified
reactivity: human

anti-human CD3 VioBlue (clone BW264/56, Miltenyi, cat# 130-113-695, RRID: AB_2726236), validated for flow cytometry, verified
reactivity: human

anti-human 1gD VioBlue (clone IgD26, Miltenyi, cat# 130-123-258, RRID: AB_2802018), validated for flow cytometry, verified
reactivity: human

anti-human CD19 VioBright-FITC (clone LT19, Miltenyi, cat# 130-113-173, RRID: AB_2726000), validated for flow cytometry, verified
reactivity: human

anti-human CD27 APC-Vio770 (clone M-T271, Miltenyi, cat# 130-113-627, RRID: AB_2751155), validated for flow cytometry, verified
reactivity: human

anti-human CD20 PE-Vio770 (clone LT20, Miltenyi, cat# 130-113-937, RRID: AB_2733214), validated for flow cytometry, verified
reactivity: human

anti-human CD38 APC (clone I1B6, Miltenyi, cat# 130-113-424, RRID: AB_2733375), validated for flow cytometry, verified reactivity:
human

anti-IgA PE (clone IS11-8E10, Miltenyi, cat# 130-114-002, RRID: AB_2733860), validated for flow cytometry, verified reactivity:
human. The Anti-IgA antibody clone I1S11-8E10 detects both subclasses of human IgA. IgA is present either as monomer or in a
secreted form as a multimer of 2—4 molecules, connected by the J-chain and the so-called secretory component.

Antibodies from Thermo Fisher/Invitrogen

Each Invitrogen antibody that is indicated for immunocytochemistry applications has undergone functional application testing.

Each Invitrogen ELISA kit meets rigorous specifications and is manufactured with stringent quality controls to help ensure excellent
quality and reproducibility. Invitrogen ELISA kits are tested for the following factors—intra-assay precision, inter-assay precision,
linearity of dilution, ELISA parallelism, recovery, sensitivity, and specificity. Data acquired from these ELISA validation tests are
typically available in each kit’s manual—found either in the kit packaging or on the product webpage.

donkey anti-mouse 1gG Alexa Fluor Plus 405 (polyclonal, Thermo Fisher, cat# A48257, RRID: AB_2884884), validated for
immunocytochemistry/immunofluorescence, verified reactivity: mouse. Cross adsorption against serum proteins from bovine, goat,
chicken, guinea pig, hamster, horse, sheep, rabbit, rat, and human was performed. This antibody binds to heavy chains on mouse 1gG
and light chains on all mouse immunoglobulins. This antibody does not bind non-immunoglobulin mouse serum proteins or 1gG from
bovine, chicken, goat, guinea pig, hamster, horse, human, rabbit, rat or sheep.

goat anti-mouse 1gG (H+L) HRP conjugated secondary antibody (polyclonal, Thermo Fisher, cat# G-21040, RRID: AB_2536527),
validated for ELISA, verified reactivity: mouse. Cross adsorption against human IgG and human serum was performed.

mouse IgG1k isotype control (clone P3.6.2.8.1, Thermo Fisher, cat# 14-4714-85, RRID: AB_470112). Mouse IgG1 K Isotype Control
has been tested by flow cytometric analysis of normal human peripheral blood cells and mouse spleen cells. It has been reported for
use in surface and intracellular flow cytometric analysis, immunohistochemistry, immunocytochemistry, immunoprecipitation and
immunoblotting (WB).

The 1gG (Total) Mouse Uncoated ELISA Kit (#88-50400, Invitrogen) was used according to the manufacturer’s instructions.

Antibodies from other vendors

anti-HA tag antibody (clone 543851, R&D Systems, cat# MABO60, RRID: AB_10719128). Specifically detects N-terminal HA-tagged
proteins with a free N-terminus. The antibody was used for crosslinking of HA-tagged CD40 ligand in several publications (Price et al.,
elife (2017), doi: 10.7554/eLife.22509; Grossman et al., mSphere (2017), doi: 10.1128/msphere.00305-17; Seifert et al., PNAS
(2015), doi: 10.1073/pnas.1416276112; Nikitin et al., PLOS One (2014), doi: 10.1371/journal.pone.0087299).

mouse anti-SARS-CoV-2 Spike RBD (clone 1035753, R&D systems, cat# MAB105808, RRID: AB_2927628), validated in ELISA. In a
functional flow cytometry assay, this antibody binds and blocks SARS-CoV-2 Spike RBD interaction with human ACE-2 transfectants.
Detects SARS-CoV-2 Spike RBD and SARS-CoV-2 Spike S1 in sandwich ELISAs when used in the indicated ELISA antibody pairings.
Detects SARS-CoV-2 B.1.1.529 S RBD (Omicron Variant) in direct ELISAs.

anti-human I1gM antibody (F(ab'), Fragment, goat polyclonal, Jackson ImmunoResearch, cat# 109-006-129, RRID: AB_2337553).
Based on immunoelectrophoresis and/or ELISA, the antibody reacts with the Fc5u portion of the human IgM heavy chain but not
with human 1gG, IgA, or the light chains of human immunoglobulins. No antibody was detected against non-immunoglobulin serum

>
Q
=
C
=
™
o
©)
=
&5
>
—
D
°
©)
=
=)
Q
(%]
(-
3
3
Q
=

120z Y21opy




proteins. The antibody has been tested by ELISA and/or solid-phase adsorbed to ensure minimal cross-reaction with bovine serum
proteins. The antibody has been used previously for BCR crosslinking (e.g. Espinoza et al., JCl Insight (2023), doi: 10.1172/jci.
insight.155199.)

goat anti-human IgG (H+L) HRP conjugated secondary antibody (polyconal, Abcam, cat# ab7153, RRID: AB_955414), validated in
ELISA. No reaction was observed against Bovine, Chicken, Goat, Guinea Pig, Hamster, Horse, Mouse, Rabbit, Rat and Sheep Serum
Proteins.

human IgG1A isotype control (anti-GFP, clone AbD00264_hlgG1, BioRad, cat#f HCA049, RRID: AB_1102929), validated in ELISA. This
product is a recombinant antibody with specificity for green fluorescent protein (GFP). It has no known reactivity with mammalian
proteins or other antigens. It is therefore recommended as a control reagent for assays where this immunoglobulin is measured, or
when using other human IgG1 antibodies of the same isotype or allotype.

The clinically approved REGEN-COV (Ronapreve, Regeneron Pharmaceuticals) monoclonal antibody cocktail (casirivimab and
imdevimab) was used as a positive control in live virus neutralisation assays against wildtype SARS-CoV-2

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

FreeStyle 293-F Cells (Thermo Fisher Scientific, Cat#R790-07), HEK293T-ACE2-30F-PLP2 cells (clone B7, available from the
National Institute for Biological Standards and Control (NIBSC), catalogue number 101062), A549-ACE2-TMPRSS2-30F-PLP2
cells (clone E8). These cell lines were generated in the Matheson lab as previously described (Pereyra Gerber et al., 2022 and
Meng et al., 2022).

HEK293T-ACE2-30F-PLP2 cells were previously authenticated by STR profiling. A549-ACE2-TMPRSS2-30F-PLP2 and FreeStyle
293-F cells were not authenticated.

Mycoplasma contamination Cells for neutralisation assays (HEK293T-ACE2-30F-PLP2, A549-ACE2-TMPRSS2-30F-PLP2) were regularly screened and

confirmed to be mycoplasma negative (Lonza MycoAlert and IDEXX BioAnalytics).
FreeStyle 293-F Cells used for antibody expressions were not screened for mycoplasma contamination.

Commonly misidentified lines  None.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research
Laboratory animals
Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

Mus musculus C57BL/6, 8 - 14 weeks and 33 - 38 weeks.

No wild animals were used in this study.

Sex was not considered in the study design and would not effect any of the significant results presented in this report.
No field-collected samples were used in this study.

Animal experiments were licensed by the UK Home Office according to the Animals Scientific Procedures Act 1986 (License
PP6047951) and approved by the local ethics committee from the University of Cambridge.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:

X] The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

X] The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

X] All plots are contour plots with outliers or pseudocolor plots.

X] A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Mouse splenocytes and bone marrow

A single cell suspension of splenocytes was prepared by mashing the spleens through a 100 um cell strainer. After washing,
cells were then filtered again through a 70 um strainer.

For bone marrow extraction, femur and tibias were removed from both legs, the ends of the bones were cut open with
scissors and the bone marrow was flushed out using a 23-gauge needle and a syringe. A single cell suspension was prepared
by filtering through a 100 um cell strainer.

Red blood cells of both spleen and bone marrow were lysed, cells were washed once and then used for ASC enrichment (anti-

>
Q
=
C
=
™
o
©)
=
&5
>
—
D
°
©)
=
=)
Q
(%]
(-
3
3
Q
=

Lcoc y21opy




CD138 microbeads, Miltenyi, according to the manufacturer’s instructions). Cells were then subjected to microfluidic
encapsulation followed by FACS as described in the manuscript.

Human PBMCs

B cells were negatively selected from normal cryopreserved human PBMCs (10 million cells/vial, Lonza, 4W-270) with the
human pan-B cell isolation kit (Miltenyi) according to the manufacturer’s instructions. Enriched B cells were then stimulated
with CD40L, IL-21 and anti-IgM for 96 h. After stimulation, CD38+ cells were positively selected using the CD38 MicroBead kit
(Miltenyi) according to the manufacturer’s instructions. Cells were then subjected to microfluidic encapsulation followed by
FACS as described in the manuscript.

Blood was collected from study participants 7 — 9 days post the second BNT162b2 vaccine dose and PBMCs were isolated by
density gradient centrifugation. B cells were negatively enriched from freshly isolated PBMCs or thawed cryopreserved
PBMCs with the human pan-B cell isolation kit (Miltenyi) according to the manufacturer’s instructions. Cells were then
subjected to microfluidic encapsulation followed by FACS as described in the manuscript.

Instrument For analysis experiments, a 4-laser AttuneNxT instrument (Thermo Fisher) and a 4-laser LSRFortessa (BD) were used.
A 4-laser FACS Aria Ill (BD) with a 100 um nozzle was used for sorting experiments.

Software For data collection during sorts on the Aria Ill and on the LSRFortessa, FACSDiva version 9.0.1 (BD) was used.
For data collection on the AttuneNxt, the Attune NxT software version 3.1.2 (Thermo Fisher) was used.
Data were analysed using FlowJo (version 10.7, BD Biosciences).
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Cell population abundance Cells were sorted into single wells of 96 well plates using a strict single cell sort mask (yield mask: 0, purity mask: 32, phase
mask: 8 or yield mask: 0, purity mask: 32, phase mask: 16). We therefore assume that only single cells were sorted.

Gating strategy For mouse anti-OVA sorts, live plasma cells inside hydrogel beads were gated on SSC-A vs. FSC-A (on log-scale), singlets (FSC-
H vs FSC-A on log scale) and then as live/FLAG+/CD138+/ B220- (SNAP-VHH contains a FLAG tag). IgG-secreting cells were
then gated as IgG+ but IgM-. For secretion controls, the FLAG gate was left out as no FLAG-SNAP-VHH was added. For mouse
anti-RBD sorts, live plasma cells inside hydrogel beads were gated on SSC-A vs. FSC-A (on log-scale) and then as live/CD138+.
IgG-secreting cells were then gated as IgG+ but IgM-. The antigen signals (OVA or RBD) of hydrogel beads that were 1gG-/IgM-
were used as guidance for setting the antigen positive sort gate. For the viability time course, live plasma cells were gated as
on SSC-A vs. FSC-A (on linear scale), singlets (FSC-H vs FSC-A on linear scale) and then as CD138+ and live (DAPI-). For the IgG
secretion time course, cells were gated on SSC-A vs. FSC-A (on linear scale), singlets (FSC-H vs FSC-A on linear scale) and then
as live/CD138+ or /CD138- (empty beads and encapsulated non-plasma cells) followed by gating as IgG+. The IgG-positive
population after 1 h was used to set the IgG gate.

For human sorts, live plasmablasts inside hydrogel beads were gated on SSC-A vs. FSC-A (on log-scale) and then as live/
CD20-/CD38+. 1gG/IgA secreting cells were then gated as 1gG/IgA+ but IgM-. The antigen signal of hydrogel beads that were
IgG/A-/IgM- were used as guidance for setting the antigen positive sort gate.

Gating strategies are shown in detail in the extended data figures 4 - 9 and Supplementary Figures 2 - 3.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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