1' frontiers
in Immunology

METHODS
published: 16 April 2019
doi: 10.3389/ mmu.2019.00829

OPEN ACCESS

Edited by:
Michael R. Gold,
University of British Columbia, Canada

Reviewed by:
Maria-Isabel Yuseff,
Ponti cia Universidad Catélica de
Chile, Chile
Katelyn Spillane,
King's College London,
United Kingdom

*Correspondence:
Nicholas S. R. Sanderson
nicholas.sanderson@unibas.ch
Tobias Derfuss
tobias.derfuss@usb.ch

TThese authors have contributed
equally to this work

*These authors share
senior authorship

Specialty section:
This article was submitted to
B Cell Biology,
a section of the journal
Frontiers in Immunology

Received: 21 December 2018
Accepted: 28 March 2019
Published: 16 April 2019

Citation:

Zimmermann M, Rose N, Lindner JM,
Kim H, Goncalves AR, Callegari |,
Syedbasha M, Kaufmann L, Egli A,
Lindberg RLP, Kappos L, Traggiai E,
Sanderson NSR and Derfuss T (2019)
Antigen Extraction and B Cell
Activation Enable Identi cation of Rare
Membrane Antigen Speci ¢ Human B
Cells. Front. Immunol. 10:829.

doi: 10.3389/ mmu.2019.00829

Check for
updates

Antigen Extraction and B Cell
Activation Enable Identi cation of
Rare Membrane Antigen Speci c
Human B Cells

Maria Zimmermann ', Natalie Rose ', John M. Lindner 22, Hyein Kim 1,

Ana Rita Gongalves 4, llaria Callegari ®°, Mohammedyaseen Syedbasha ?*, Lukas Kaufmann *,
Adrian Egli *%, Raija L. P. Lindberg ?*, Ludwig Kappos 7, Elisabetta Traggiai 2,

Nicholas S. R. Sanderson ** and Tobias Derfuss &*

* Department of Biomedicine, University Hospital Basel, Unérsity of Basel, Basel, Switzerlanc? Novartis Institute for
BioMedical Research, Basel, Switzerlandf BioMed X Innovation Center, Heidelberg, Germany,Laboratory of Virology,
Geneva University Hospitals, Geneva, Switzerlan8Neuroscience Consortium, Monza Policlinico and Pavia Morido,
University of Pavia, Pavia, Italy,Division of Clinical Microbiology, University Hospital Bel, University of Basel, Basel,
Switzerland,” Departments of Medicine, Neurologic Clinic and PoliclinjcClinical Research and Biomedical Engineering,
University Hospital and University of Basel, Basel, Switdand, ® Department of Medicine, Neurologic Clinic and Policlinic,
University Hospital and University of Basel, Basel, Switdand

Determining antigen speci city is vital for understandin@® cell biology and for producing
human monoclonal antibodies. We describe here a powerful nthod for identifying B
cells that recognize membrane antigens expressed on cellsThe technique depends
on two characteristics of the interaction between a B cell ad an antigen-expressing
cell: antigen-receptor-mediated extraction of antigen &m the membrane of the target
cell, and B cell activation. We developed the method using inenza hemagglutinin
as a model viral membrane antigen, and tested it using acetstoline receptor (AChR)
as a model membrane autoantigen. The technique involves cotlturing B cells with
adherent, bioorthogonally labeled cells expressing GFRagjged antigen, and sorting
GFP-capturing, newly activated B cells. Hemagglutinin-sgci ¢ B cells isolated this
way from vaccinated human donors expressed elevated CD20, B27, CD71, and
CDl11c, and reduced CD21, and their secreted antibodies bloked hemagglutination and
neutralized viral infection. Antibodies cloned from AChRapturing B cells derived from
patients with myasthenia gravis bound speci cally to the reeptor on cell membrane. The
approach is sensitive enough to detect antigen-speci ¢ B cdls at steady state, and can
be adapted for any membrane antigen.

Keywords: autoimmunity, membrane protein antigens, trogocyto
gravis

sis, human monoclonal antibodies, myasthenia

INTRODUCTION

A cardinal characteristic of the humoral immune responsénat bnly a minuscule fraction of the
total B cell pool recognizes a given antigen. Understandiegetcells is therefore hindered by the
practical di culty of identifying them. The immunoglobulirELIspot (1) enables quanti cation of

B cells of a given speci city, but for live cell assays, imnmglabulin gene cloning, and single cell
technologies such as RNA sequencing, isolation of intalst isgkey.
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Flow cytometric methods are an obvious solution, enablind cells speci ¢ for which are present in the blood of patients
immediate ex vivo phenotyping, and live cell sorting for suering from myasthenia gravis, but are rare and di cult to
further analysis or cloning. For some antigens, labelinlisce isolate with available methods.
with uorochrome-conjugated soluble antigen is a powerful
approach —4). However, many important antigens are noteasilyMATERlALS AND METHODS
generated in native conformation in soluble form. Conforina
can be a critical determinant of epitopes for both anti-virusMice and Primary Immune Cells
(5) and autoimmune §) antibodies. Furthermore, numerous C57BI/6 mice were bred in the University of Basel Mouse
antigenicity-determining features of membrane antigeit® | Core Facility. FluBI mice were bred from founders provided
glycosylation, interaction with other membrane componentsby Hidde Ploegh and Stephanie Dougan (Whitehead Institute,
and assembly into multi-subunit complexes such as iorCambridge, Mass). IgH MOG micé ) were bred from founder
channels depend on expression in the membrane of a suitableembers provided by Guru Krishnamoorthy and Hartmut
cell. Autoantibodies, for example in myasthenia gravis andVekerle, Max-Planck-Institut fir Neurobiologie, Martinsdge
NMDA receptor encephalitis, bind to complex ion channelsGermany.Primary immune cells were obtained from spleens by
whose structures depend on their orientation in the plasmanechanical disruption followed by brief settlement undendgsa
membrane (). The pathology of Graves' disease is causetb remove tissue fragments. B cells were obtained by negative
by autoantibodies that stimulate the thyrotropin receptoutb selection using Pan B Cell Isolation Kit II (Miltenyi, cat 1304t
studies with monoclonal antibodies suggest that these iaion 443). All procedures involving animals were authorized by the
antibodies recognize discontinuous, conformation-departd Cantonal Animal Research Commission.
epitopes, while antibodies that recognize linear epitopesllysua
do not aect receptor signaling 6. This phenomenon is Human Samples
thought to be the reason why cell-based assays o er superidtealthy donors between 25 and 65 years old gave written
sensitivity for detection of clinically relevant autodmities informed consent according to procedures reviewed by the
compared to recombinant protein-based methods like ELISA oinstitutional ethics committee (49/06). Some were vadeida
immunoprecipitation assays). with the 2013, 2014, 2015, or 2016 seasonal in uenza vaccine

Our previous studies of the capture of membrane proteinsAgrippal®, containing inactivated inuenza virus surface
by antigen-speci ¢ B cell9f suggested an approach that would antigens (hemagglutinin and neuraminidase) from type A/HLN
solve several of the problems inherent in assessing B cél/California/07/2009). Blood was drawn into S-Monovette
speci city for membrane antigens. When a B cell encountersubes (Sarstedt, 7.5ml K3E, REF 01.1605.100, 1.6 mg EDTA/mI
its cognate antigen expressed in the membrane of another cdlilood) before the vaccination and 7-14 days after vacanati
it rst binds to and then extracts the antigen. This processas specied in gure legends. Peripheral Blood Mononuclear
was rst described by Batista et all(j, and has since been Cells (PBMC) were separated over Ficoll-Paque (Axon Lab,
studied in molecular detaill(l). During the interaction, the B Switzerland) according to the manufacturer's instrucgoand
cell internalizes large quantities of antigen and rapidlgdiees frozen in 1 ml FCS-10% DMSO (FCS from Gibco, DMSO from
highly activated. If the antigen is rendered uorescentjsth Sigma Aldrich). Blood for serum was drawn into S-Monovette
enables highly speci c sorting of the antigen-speci c B clllse  tubes containing clotting activator (Sarstedt, 7.5ml Z, REF
rst advantage of this system is that it enables the use agens  01.1601.100) and left at room temperature for 30—60 min, feefo
in their native conformation and natural cellular environmte  centrifuging at 2,000 g for 10 min at room temperature. Serum
The second advantage is that because antigen capture leadsMa@s aliquoted and frozen at80 C. B cells were isolated from
activation of the B cell, markers such as CD69 can be used fmzen PBMC by rapid thawing in 10 ml pre-warmed complete
distinguish between a B cell that has internalized antigggth@ RPMI medium, incubation for 1 h at 3T, centrifugation and
B cell that is bound by the antigen for some other reason. Theesuspension in ice-cold separation bu er, followed by negati
third advantage is that adherent cells can be used as antigeolation with magnetic beads from Miltenyi (human B cell
donors, and after antigen-speci c B cells have contactedr thelsolation Kit I, cat no. 130-091-151). This kitincludesta@D43
target antigen and bound the donor cells with high avidityet among the negative selection antibodies, and thereforestiespl
majority of non-speci c cells can be washed away. plasmablasts. Yields of B cells varied from 2 to 8% of total PBMC

We developed this approach using transgenic mouse B celiepending on the donor.
of known speci city, and then used it to identify, phenotype
and clone human peripheral blood B cells specic for thePlasmids and Cell Lines
in uenza protein hemagglutinin (HA), and the autoantigen A fragment encoding amino acids 1-529 (Genbank
acetylcholine receptor (AChR). Hemagglutinin was chosen as&CP41105.1) was amplied from VG11055-C encoding
clinically relevant, viral membrane antigen, B cells spedor  in uenza A/California/04/2009 hemagglutinin (Sino Biolical,
which are relatively abundant in the blood of vaccinatedadian  Beijing, China), and fused to an oligonucleotide (Microgynt
Hemagglutinin-binding B cells can be labeled with uoreste Switzerland) encoding amino acids 530-566. The mutation
soluble antigen, enabling us to compare the e ciency of thevne tyrosine-to-phenylalanine (Y98F) in the sialic acid bindinges
technique with an established method. The complex membranef hemagglutinin (HA) was incorporated by template switching
protein AChR was chosen as a clinically important autoantigerPCR and cloned into the PigLIC expression vector, which
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confers puromycin (Gibco) resistance. To make the plasmidnits and laser power, PMT voltages, and voxel dimensions were
encoding the fusion protein HA-Y98F-GFP, we ampli ed GFPoptimized to minimize laser light exposure. One stack of coafoc
from pcDNA6.2C-EmGFP-DEST (Invitrogen) and fused it to sections per minute was captured, and stacks were assemtaed in
the mutated HA construct described above between aminframes with Nikon Elements software.
acid 566 and the STOP codon. MOG-mCherry expressing cells ) . .
were prepared by stably transfecting TE671 cells with a plasmldACS Isolation of Antigen-Speci ¢ B Cells
made by inserting the N-terminal 204 amino acids of rat myeli B cells were isolated from PBMC after in uenza vaccination,
oligodendrocyte glycoprotein into the cloning site of pcDNA3co-cultured for 3h with CTV-labeled TE CAO9HA-GFP cells,
mCherry LIC cloning vector (a gift from Scott Gradia, Addgen retrieved and incubated with PerCP-Cy5.5-conjugated -anti
plasmid # 30125). human CD19 (for IgG ELISpot experiments) diluted 1:20 in
TE671 rhabdomyosarcoma cells (referred to as “TE cellgold separation buer (PBS 2% FCS, 1mM EDTA) or with
throughout the text, and as “TE 0" when not transfectedAPC-conjugated anti-human CD45 (for EBV transformation
with additional antigens) were from ATCC (LGC, Wesel,experiments and high-throughput B cell activation) dilute8Q.:
Germany). TE cells were cultured in complete RPMI mediurin cold separation bu er and sorted into Eppendorf tubes
(10% heat-inactivated fetal calf serum (FCS), 100 unitsiml (FACSAria Il Cell Sorter, BD Biosciences). Cells were gated
penicillin and 100 ug/ml of streptomycin; all from Gibco), scatter to select live, single cells; then in two ways to exclude
at 37C in 5% carbon dioxide. TE671 cells were chose@ntigen-donor TE cells: CTV negative, and CD19 or CD45
because they grow adherently in a monolayer, are easippsitive. From these putative single, viable B cells, subgates
transfectable, and being of a muscle cell type, support theere used for sorting “GFP-capturing,” i.e., GFP-positived an
expression of the multi-subutnit acetylcholine receptor 8.  “GFP-non-capturing,” i.e., GFP-negative. Non-speci c siod
TE cells were transfected with the HA-Y98F-GFP construct anmembrane labeling of adherent cells by bioorthogonal click
selected with puromycin. Positive transfectants were idest chemistry was achieved by incubating the cells overnight wit
by GFP uorescence and extracellular immunolabeling agfain 50mM L-azidohomoalanine in methionine free medium, then
A/California/07/2009 hemagglutinin and sorted to yieldetiE ~ washing and incubating for 1 h withBM A647-tagged DIBO-
CAO09HA-GFP cell line. Predicted intracellular location et derivative in HBSS at 3€. The procedure for isolating AChR-
GFP moiety and extracellular location of HA were veri ed binding B cells was similar, but stable transfection witte th
by protease sensitivity assay, as follows: TEO cells and THA-GFP antigen was replaced by transient transfection with
HA-GFP cells were trypsinized, washed three times with PB#)e multi-subunit AChR, including a GFP-variant of the alpha
resuspended in HBSS with 5mM CacCl, and incubated with opubunit described by Leite et all3). Transient transfection
without Pronase (Sigma Aldrich, 2 mg/ml) for 4h at &7  resulted in AChR expression by about half the cells, and for
Cells were then washed and incubated with human anti-HAsubsequent screening of antibody binding to AChR, we always
IgG primary antibody then PE-conjugated goat anti-human IgGcompared binding to the transfected vs. untransfected cells t
(Jackson ImmunoResearch, 109-116-098) for 30 min on ice aribrmalize for antigen-independent binding. Also, for sorting
resuspended in PBS. Fluorescence in GFP and PE channels W&hR-specic B cells, the antigen independent labeling with
measured on a CytoFLEX ow cytometer (Beckman Coulter) andf\647 was omitted, and instead a second positive (i.e., specic
results are shown iSupplementary Figure 1Cells were tested antigen-dependent) label was added with alpha-bungarotoxin
for mycoplasma infection (LookOut Mycoplasma PCR Detectioreonjugated to A647.
Kit, Sigma Aldrich). Mouse broblasts transfected with huma . .
CD40 Ligand (Edgar Meinl, Ludwig-Maximilians-Universitat, ELISpOt for Detection of HA-Speci c,
Munich, Germany), used as feeder cells for EBV transformatio IgG-Secreting Human B Cells
were cultured in complete DMEM medium supplemented with96-well plates (Human IgG B cell ELISpot kit (Mabtech,
0.5 mg/ml of G418 Sulfate (cat no. 10131-035, Gibco). FdBweden, Code: 3850-2A) were coated overnight af 4
irradiation, cells were washed in PBS, trypsinized, resudgetn with hemagglutinin  (Sino Biological, Inuenza A H1N1

inice-cold FCS and kept on ice during irradiation (75 Gy). (A/California/04/2009) hemagglutinin (HA) Protein (His @,
_ _ cat no. 11055-V08B) atrbg/ml, or anti-lgG capture-antibody
Live Cell Imaging at 15mg/ml to enumerate total IgG-producing cells, or bovine

TE671 cells stably transfected with GFP-fused hemaggiutinserum albumin at Bng/ml to enable assessment of speci city,
(from in uenza A/WSN/1933) were plated in 8-well chamberedwashed with sterile PBS and blocked with complete RPMI
coverslips (Ibidi cat no. 80826) and allowed to adhere ogini medium. B cells were isolated, co-cultured with TE mHA-
in an incubator at 37C in 5% carbon dioxide. The next day, B GFP, labeled with anti-human CD19, and GFP-capturing and
cells isolated from a FluBl mouse were labeled with Lysk&ac non-capturing CD19-positive B cells were sorted as described
Deep Red (Thermo Fisher) according to the manufacturersbove into coated plates containing 20f/well complete
instructions, washed and kept in complete RPMI on ice. Th&RPMI medium supplemented with ig/ml R848 and 10 ng/ml
chambered coverslip was put in a temperature-, 26CGand recombinant human IL-2. After culturing for 3 days, the cells
humidity-controlled chamber (INU-TIZ-F1 controller, Toka were discarded, the plates were washed ve times with PBS,
Hit) into a Nikon A1R confocal microscope with a 60x, 1.40and developed by incubating with biotinylated anti-humaitlg

NA oil immersion objective. The pinhole was opened to 5.0 Airyfollowed by streptavidin-AP and BCIP/NBT substrate solution
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to visualize IgG spots. Antibodies, IL-2, R848, and solutiongere incubated overnight with 58M L-azidohomoalanine in
were provided with the kit and all steps followed the Mabtechmethionine free medium, then washed and incubated for 1 fnwit
protocol. Plates were imaged and read by AID ELISpot readérmM A647 tagged DIBO-derivative in HBSS at 87 B cells were
(software version 7.0, build 14790, AID GmbH, Strassbergo-cultured with these cells for 3 h, retrieved, and inceoaith
Germany). Results are shown as number of counted spots. either an antibody panel containing anti-human CD138 (dosior
. 1-5), or an antibody panel lacking anti-human CD138 and

EBV Transformation of FACS-Isolated containing anti-human CD11c and anti-human CD71 (donors
Hemagglutinin-Speci c B Cells 6-9) for 20min on ice. B cells were then washed and acquired
GFP-capturing and non-capturing B cells were sorted into 1.5 mon a LSRFortessa cytometer (BD Biosciences) con gured with
Eppendorf tubes containing 208 complete RPMI medium, ve excitation lasers (355, 405, 488, 561, 640nm) and 20
mixed gently with 500m of pre-warmed EBV supernatant detectable parameters. Data in.fcs format were exported from
(ATCC-VR-1492 Epstein-Barr virus, strain B95-8, used neat) the FACSDIVA operating software of the cytometer and either
incubated for 1 h at 37C. Flat-bottomed 96WP were prepared processed directly using FlowJo (version 10.1, FlowJo, LLC) or
containing 30,000 irradiated CD40L mouse broblasts per welte-exported and read into R using the owCore packat(and
in RPMI medium containing 20% non-heat-inactivated FCS, 10@lustered with the k-means algorithm. Heatmaps were gegdrat
units/ml of penicillin, 200mg/ml of streptomycin and ing/ml of  with the heatmap algorithm of base R. Gating strategies for o
R848 (Mabtech, Sweden, REF 3611-5X), referred to as “RPMlytometry experiments are shown8upplementary Figure 3
20" throughout the text. B cells were added to plates at 38 cell
per well and cultured for at least 2 weeks. Proteins, Antibedi
and Vital Dyes

Bovine serum albumin (cat no. A4503) was obtaine
from Sigma Aldrich. Inuenza A HIN1 hemagglutinin
(A/California/04/2009) protein (cat no. 11055-V08B) andblé
monoclonal anti-HA antibody RM10 (cat no. 11055-RM10)
were obtained from Sino Biological. PerCP-Cy5.5 anti-homa
CD19 (clone HIB19, BD Biosciences, cat no. 561295), BV5
anti-human CD20 (clone 2H7, BD Biosciences, cat no. 56306 iz:

APC anti-human CD45 (clone HI30, BD Pharmingen, cat - . d
. ytometry. A similar technique was used to measure anti-AChR
no. 555485), PerCP-Cy5.5 anti-mouse CD69 (clone H1.2F3; . Sl .
ahtibodies in sera and culture supernatants, but using TE cells

Biolegend, cat no. 104521), APC-Cy7 anti-mouse B220 (clone . . .
RA3-6B2, BD Biosciences, cat no. 552094), PE anti-humr%hans'en?y t ransfe/ctT(_jrhwnh AFC.: hr? -GFI;’.ngj;g:onjugamdd
IgG (Jackson Immunoresearch, cat no. 109-116-098), Aleééjp%%izseoé(g;]t(rlgrgm ermo Fisher cat. ) was used as
Fluor 488 anti-human IgM (Jackson Immunoresearch, cat no. '
109-545-129), PE anti-rabbit 1gG (Jackson Immunoresegarch

cat no. 111-116-144). Anti-human IgG/HRP (cat no. P0214)

and anti-human IgM/HRP (cat no. P0215) both obtainedELISA

from Dako. Cell Trace Violet was obtained from Thermo FisheBovine serum albumin and Tween were from Sigma Aldrich,
Scienti c (cat no. C34557) and DAPI from Sigma Aldrich. BM42 PBS from Gibco, TMB for chromogenic development from
anti-human CD27 (clone M-T271, BD Horizon, cat. 562513) KPL (SureBlue RESERVE, TMB Microwell Peroxidase,
BV510 anti-human CD20 (clone 2H7, BD Horizon, cat. 563067)53-00-00). 96 well-plates (Corning Costar 3590 96well
BV605 anti-human IgM (clone G20-127, BD Horizon, cat.EIA/RIA plate at bottom without lid) were coated with
562977), BV711 anti-human CD21 (clone B-ly4, BD Horizonhemagglutinin and BSA, each atn/ml, overnight at 4C

cat. 563163), PE anti-human CD69 (clone FN50, Biolegendyith shaking, then washed three times with PBS-0.05%
cat. 310906), PE CF594 anti-human CD138 (clone MI15, BD'ween and blocked with PBS-2% BSA at room temperature
Horizon, cat. 564606), PE-Cy7 anti-human IgD (clone IA6-2for 2h with shaking. Supernatants from FACS-isolated,
BD Pharmingen, cat. 561314), PerCP-Cy5.5 anti-human CD1BBV-transformed, putatively hemagglutinin-specic B cell
(clone H1B19, BD Pharmingen, cat. 561295), Alexa Fluor 70flones, and from GFP-non-capturing, putatively non-
anti-human IgG (clone G18-145, BD Pharmingen, cat. 561296hemagglutinin-speci ¢, negative control B cell clones, were
APC-eFluor 780 anti-human CD38 (clone HIT2, eBiosciencediluted 1:3 in PBS-0.5%BSA. Plates were incubated with
cat. 47-0389-42), APC-Cy7 anti-human CD11c (clone Bul&iluted supernatants for 2 h at room temperature with shaking,

Biolegend, cat. 337217), BUV395 anti-human CD71 (cloneashed three times with PBS-0.05% Tween and incubated

low Cytometric Antibody Assay

ne hundred microliter of ow bu er containing 50,000 each
of unlabeled TE mHA and CTV-labeled TE 0 cells were mixed
and incubated with 25 of supernatant from EBV transformed
B cell clones for 30 min on ice, washed three times with cold
w bu er, labeled with PE-conjugated anti-human IgG and
exa Fluor 488-conjugated anti-human IgM for 20min on
e, washed twice with cold ow bu er and measured by ow

M-A712, BD Biosciences, cat. 743308). with rabbit anti-Human IgG HRP (1:6,000) or rabbit anti-

. . human IgM HRP (1:1,000) in PBS-0.5% BSA for 1h at room
Phenotyping of Human Peripheral Blood temperature with shaking. Plates were washed three times
B Cells with 250 mi/well PBS-0.05% Tween and developed with TMB

PBMC samples collected before and 7 days after inuenzantil a blue color was visible. The reaction was stopped
vaccination from each of 9 donors were thawed, and B cellwith 1N HCI and the plates read at 450 nm immediately
isolated by negative magnetic isolation. TE CAO9HA-GFIs celafter stopping.

Frontiers in Immunology | www.frontiersin.org 4 April 2019 | Volume 10 | Article 829


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Zimmermann et al. Identi cation of Membrane Antigen Speci c B Cells

Hemagglutination Inhibition and Virus for 2.5 h with TE cells expressing HA-GFP. B cells were retrieved
Neutralization Assays labeled with anti-B220 and anti-CD69 antibodies and sttiejgc
The titer of inuenza A/California/04/09 (H1N1) antibody t0 ow cytometry. The population of putatively antigen-speci c,
in B cell culture supernatant samples was measured by Hi€., CD69-high and GFP-high cells was then examined for
assay according to the World Health Organization (WHO)CTV labeling to determine the numbers of true and false
protocol manual on animal In uenza diagnosis and surveillanc Positives and negatives, and thus the sensitivity and spegi ci
(WHO/CDS/CSR/NCS/2002.5 Rev. 1), following our previoush?f the technique. The e ect of extracellular antigen quenchin
described procedurelf). The neat supernatant samples wereused a similar experiment, but with a 1h co-culture time,
pre-treated with 3-fold of cholera Itrate (cat no. C8772- N0 CD69-labeling, and ow cytometric measurements of GFP
1VL, Sigma-Aldrich) overnight at 3T to remove non-speci ¢ acquisition in the presence or absence of 0.1% trypan blue.
inhibitors. The samples were 2-fold serial diluted in V-shape The in uence of membrane sti ness was assessed with a similar
96-well microtiter plate (cat no. 3897, Corning Costar) with€xperiment, with the addition of a pretreatment step exposing
PBS. Twenty- ve microliter of corresponding in uenza angig ~ the antigen-expressing cells to 0, 1, 3, or il mycalolide
AlCalifornia (HIN1) antigen (4 HA units) (cat no. 14/134, B (AG Scientic, San Diego, California), followed by waghin
NIBSC) was added to each well. After 30 min incubationp$0 With medium before adding the B cells. The proportion of
of 1% of chicken erythrocytes (cat no. CLC8800, Cedarlans) witernalized antigen was studied by comparing immunolatgli
added to each well for 30 min. The antibody titer was measurefpllowing xation and permeabilization of the B cells, or
by tilting the plate based on erythrocyte agglutination arwhn xation without permeabilization. After retrieving from th co-
agglutination reactions. The positive serum and back tiorat culture, B cells were xed in 4% paraformaldehyde for 15 min
controls were included in the assay plate. at room temperature, then permeabilized in 0.1% saponin in
For neutralization assays, supernatants were incubaten wif’BS. HA was detected with a rabbit polyclonal antibody (Sino
live in uenza A/California/2009 virus at various dilutisnand ~ Biological, Beijing, China; 11692-T54) and an A657-coafed
then the pre-incubated virus was added to susceptible MDCIgoat polyclonal secondary (Jackson 111-605-003).
cells. After 16 h at 3TC, the cells were xed and productive
infection was detected with an anti-in uenza nucleoprotein Statistics
primary antibody, an enzyme-conjugated secondary antibodyStatistical treatments are specied in each gure legend.
and a colorigenic substrate and the optical density at 450 nfiWe used GraphPad PRISM 6 and various algorithms in
measured by spectrometry. Valug®.15 were considered to R/Bioconductor to graph and analyze the data. Numerical
indicate viral inhibition. results that passed appropriate tests of normality were
analyzed by analysis of variance, and otherwise by appropriate
High-Throughput B Cell in vitro Expansion non-parametric tests.

and ELISA

High-throughput B cell activation and supernatant screenianE LT

by ELISA (L6) followed the method published by Huang et al. SULTS

(17). FACS-isolated, GFP-capturing and non-capturing B celldVlembrane Antigen Capture Enables

were plated at approximately 1.6 cells per well into 384 we|denti cation of Mouse and Human
plates containing IL-2, IL-21, and irradiated mouse CD4OLHemagqutinin-Speci ¢ B Cells

cells to induce activation and expansion of the B cells. Afte ;
h(f phenomenon of membrane antigen capture by B cells
12 days, supernatants from these B cell clones were assaye

as described above (see section ELISA) with the additi 5 '(I)Iﬁségfg ?:titr?/ tChOe rlg'?e (;iltli 'r;;g;?%;iiﬁ:iﬁg%ﬂ?ﬂégne of
of tetanus toxoid, anti-lgM, and anti-IgG capture antibody- P g cog 9 P

coated wells. cDNA encoding heavy and light chains Wergnotht_arcell,Bcells rap|d_lyextractandmternallzelargerqnles_
of antigen. In the experiment shown, B cells from FluBI mice

cloned from 35 GFP-capturing B cell cultures producing ant|-818), which are speci ¢ for in uenza hemagglutinin (HA), were

HA antibodies, and e>.<pressed recomblnantly. using Standarexposed to adherent cells expressing hemagglutinin fusedfo GF
methods. In later experiments, we replaced the irradiated BBM (TE HA-GFP cells)

with irradiated TE671 cells stably expressing CD40L, andtechi We measured the time course of HA-GFP uptake by

the IL-2. antigen-speci ¢ FluBl and antigen-irrelevant C57BI/6 B sell

. e Hemagglutinin-specic B cells avidly extracted the HA-GFP
Assessment of Speci city and Sensitivity fusion protein, with GFP uptake reaching a maximum between

of GFP-Antigen Capture by Transgenic 45 and 90 min, while antigen-irrelevant B cells capture almost
B Cells no GFP Figure 1B). We further expected that CD69 expression
Wild type and FluBI mouse B cells were isolated using mousafter exposure to cognate antigen-expressing adherent cells
CD19 microbeads from Miltenyi (cat no. 130-052-201). FluBI Brvould be time-dependen®j. We con rmed this in FluBI mouse
cells were labeled with cell trace violet, diluted with lodked B cells, and also showed that CD69 induction depends on
wild type B cells at 1:100, 1:1,000 and 1:10,000 and co-edlturexpression of the antigen. The total duration of the co-crdtu
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FIGURE 1 | Identi cation of Hemagglutinin-Speci ¢ Transgenic Mouse B Cdls by Capture of Membrane-Expressed HA-GFRA) Live Cell Imaging of membrane
antigen capture. Hemagglutinin-speci ¢ FIuBI B cells (whét arrows) labeled with Lysotracker Deep Red (LTR, magentajeaadded to cells (white asterisks) expressing
a fusion protein comprising the transmembrane and antigeniextracellular domains of hemagglutinin, with a cytoplasim GFP moiety (HA-GFP, green). Extracellular
location of the HA epitope, and the intracellular location foGFP were con rmed by examining sensitivity to extracellutgprotease Supplementary Figure 1 ). Images
show the initial contact between a B cell and an antigenic tayet cell, then the same location at 6 and 9 min later. The uppethree micrographs show both uorescent
channels merged with a transmitted light channel to show thenorphology of the cells (single confocal planes). The lowgranels show only the GFP channel (maximum
intensity projections) to show capture of antigen (scale beD 10 um). (B) Extraction of membrane-expressed HA-GFP by antigen-spea or antigen-irrelevant B cells.
HA-speci ¢ FluBI B cells were labeled with Cell Trace Viole€(TV), mixed with unlabeled, antigen-irrelevant, C57 mous@ cells at a ratio of 1:10, and added to an
adherent layer of TE671 cells stably transfected with membne-expressed HA-GFP. At the indicated time points, the B dés were retrieved, immunolabeled with
anti-B220 antibody, and interrogated by ow cytometry. The FuBlI cells were separated from the C57 B cells by CTV label, @GFP levels were compared between
the two cell types. Points and bars show mean and standard deiation of the geometric mean GFP uorescence(C) Time-course of CD69 upregulation. HA-speci ¢
FluBI mouse B cells were exposed to HA-expressing TE HA, or HAon-expressing TE cells (TE 0) for the indicated times, anthen retrieved, immunolabeled for B220
and CD69 and measured by ow cytometry. Vertical axis shows te geometric mean immuno uorescence intensity and SEM of the \ati-CD69 signal on B cells
exposed to TE HA (black lines and squares), or TE 0 (red lines@circles). Asterisks show signi cant difference between E 0 and TE HA conditions at each time point
(two-way ANOVA, followed by Sidak's multiple comparison t&t, (ns D not signi cant, **p < 0.01, ***p < 0.001, ***p < 0.0001). (D) Comparison of techniques for
labeling antigen-speci ¢ B cells. CTV-labeled, polyclonaC57 mouse B cells were spiked with 1% unlabeled HA-speci ¢ FIBI B cells, and the mixture subjected either
(Continued)
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FIGURE 1 | to labeling with Alexa-633-labeled soluble hemagglutini(left), or to co-culture with adherent TE HA-GFP cells (righ Dot plots show ow cytometric
measurements of CTV on the horizontal axis (CTV-negative A4speci ¢ FIuBI cells appear to the left of the C57 cells), andhe antigen labels on the vertical axes. The
frequency of B cells recognizing this hemagglutinin is morthan 90% in FluBI mice, but< 1 per 100,000 among polyclonal B cells from naive, wild-typ&€57 mice (18),
implying that the majority of the wild-type C57 B cells that Ind antigen in this context can be considered false positive whose binding is BCR-independent.

(E) Receiver Operating Characteristic (ROC) Curves comparirthe two methods shown in (D). For three experiments likgD), true- and false positive rates were
calculated for each method at various thresholds. The red awe shows the resulting ROC curve for the soluble hemaggluiin label and the blue curve for the
membrane-expressed hemagglutinin-GFP fusion protein. &as under the curves were calculated for each method for theeexperiments, and compared by two-tailed,
paired t-test. The schematic on the right shows the four populationstrue positives (TP, red), false positives (FP, magentaglse negatives (FN, black), and true
negatives (TN, blue) at a given threshold (example threslloshown here by a broken black line)(F) Discriminating antigen-speci ¢ cells using membrane captte at
different target cell frequencies. 18 unlabeled C57 mouse B cells were spiked with 1, 0.1, or 0.01% 6CTV-labeled HA-speci ¢ FIuBI B cells [note that the CTV lalis
the spike in this paradigm, opposite to the paradigm shown ir(D)], and the mixture co-cultured with adherent TE HA-GFP cellsA threshold was set at approximately
0.1% false positives, the FluBI and C57 cells were distingsiied using the CTV label. Then, we calculated the sensitiyiftrue positives/(true positive<C false
negatives)] and speci city [true negatives/(true negative€ false positives)](G) Performance of antigen-capture labeling at different taf cell frequencies. Data from
three experiments like(E) are plotted on two vertical axes, at the target cell frequenies shown on the horizontal axis. Speci city is plotted with pen blue circles on a
blue line on the right axis (0.97-1.0), and sensitivity isgited with red crosses on a red line on the left axis (0.0-1.0fH) Effect of extracellular uorphore quenching on
apparent antigen signal. After co-culture with TE HA-GFP dis, FluBI B cells (left column scatter graph) or wild-type &7 B cells (right column scatter graph) were
measured by ow cytometry in the presence or absence of 0.1% typan blue. The vertical axis shows the ratio of GRP cells to GFP negative cells. Asterisk shows
signi cant difference between trypan blue treatment condibns (P < 0.05, unpaired, two-tailedt-test). Pooled data from two independent experiments(l) Effect of
permeabilization on antigen immunodetection. After co-cliure with TE HA-GFP cells, FluBI B cells (1st and 3rd columpsr wild-type C57 B cells (2nd and 4th
columns) were xed, and either permeabilized with saponin onot, before immunolabeling with a rabbit anti-HA antibody ad an A647-conjugated anti-rabbit
secondary antibody. The vertical axis shows the ow cytomeic geometric mean uorescence intensity of the secondary anbody. Asterisk shows signi cant
difference between permeabilization conditions within #h FluBI condition (p < 0.05, unpaired, two-tailedt-test). Pooled data from three independent experiments.

is also important; CD69 expression increases with longespectral characteristics of GFRJJ. We reasoned that antigen
exposurefcigure 10). internalized by the BCR-dependent pathway would be physically
To explore the possibility of exploiting this phenomenon for separated from the quencher and therefore protected from the
identifying antigen-specic B cells from among a polyclonalquenching e ect. As shown ikigure 1H, the GFP signal on wild
population, we spiked polyclonal mouse B cells from wildtype B cells was approximately halved by quenching, while the
type C57BI/6 mice with varying numbers of FluBl B cellssignal from FluBI cells was una ected.
The two kinds of B cells were pre-labeled before mixing, to To conrm that the increase in GFP uorescence in FluBI
enable their separation later. To compare the performancB cells was due to internalized antigen, rather than supatlgi
of the antigen capture method with the soluble uorescentmembrane-associated debris, we compared the intensity of
antigen labeling method, one sample was co-cultured with aimmuno uorescence after immunolabeling the captured aatig
adherent layer of TE HA-GFP cells and the second sample wasth an anti-HA antibody in permeabilized or unpermeabilized
labeled with uorochrome-conjugated recombinant HA. Both cells. Results are shown Figure 1I. Immuno uorescence was
methods resulted in sensitive detection of the hemaggiuwtin signi cantly increased after permeabilization in FluBI ndt in
speci ¢ FluBI B cellsKigure 1D). To make a more quantitative wild type B cells.
comparison, we extracted a Receiver Operating Characteristic The supposition that the GFP-positive cells among the wild
(ROC) curve from the results of three such experiments antlype C57 B cells are antigen-non-specic also predicts that
compared the curves obtained by labeling with uorescenta similar number would be seen among FluBl and C57 B
soluble antigen or by antigen extractiorFigure 1E). The cells if the uorescent antigen were non-cognate for bothl ce
antigen-extraction method performed signi cantly bettdran  types. We tested this prediction using myelin oligodendrocyte
the soluble wuorescent antigen method, with comparableglycoprotein (MOG) fused to GFP or mCherry as a non-cognate
sensitivity but better speci city. To assess the performasfdbe membrane antigen. B cells from IgH MOG BCR transgenic
antigen-capture technique at physiologically realistigfiencies mice do capture this antigen and served as a positive control.
of antigen-specic B cells, we repeated the experiment witfThe ratio of antigen-acquiring to non-acquiring B cells was
serial dilutions of FluBl B cells in wild type C57BI/6 B consistently 1,000-fold higher for cognate B cells than for
cells Figure 1P and detected HA-specic B cells down to antigen-mismatched B cells. There was no signi cant di ezen
a frequency of 1/10,000. This is in the range of naturalljpetween dierent mismatched B cell-antigen combinations
occurring in uenza-speci c B cells in humansl9). Specicity (Supplementary Figure 4.
was always above 99%, and sensitivity varied between 55 andSince physical properties of the antigen donor cell membrane,
80% Figure 1G). such as sti ness and compliance, have an impact on the capture
We observed a small number of HA-GFP-positive wild typeof antigens in immune complexes from follicular dendritic sell
B cells, for example irigures 1D,F We hypothesized that these (21), we examined the e ect of manipulating membrane sti ness
are false positives, generated by super cial associatioméd with the actin depolymerizing agent mycalolide B. As shown
cell debris with the B cell membrane surface. To test this, we Supplementary Figure 5as membrane sti ness is reduced,
compared the signal in the presence and absence of trypatquisition of antigen by non-cognate B cells increaseslewnhi
blue, which has been reported to quench uorophores with thecognate antigen capture decreases.
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The strong adherence of B cells to other cells expressirgf single human B cells described by Huang et&l).(HA-GFP-
their cognate antigen also o ers another possibility for &lg  capturing and non-capturing B cells from a donor 2 months
antigen-speci c B cells in co-culture with adherent antigen after immunization Figure 4A) were put into 384-well plates
expressing cells. This can be exploited by washing o noneontaining irradiated PBMC, anti-CD40, IL-2 and IL-21 to
binding B cells after a short period of co-culture. Weinduce proliferation and plasma cell di erentiation. Antibodie
examined the e ect of the length of the pre-wash co-culturein the supernatants of these B cell cultures were measured by
(Supplementary Figure 23, and discovered that a time of ELISA for total IgM, total IgG, and speci ¢ IgM or IgG against
about 20 min is optimal. Using this technique, which we callhemagglutinin Figure 4B). From 1920 supernatants of HA-GFP-
“panning,” signi cant increases in e ciency can be achievedcapturing B cell cultures and 1920 from non-capturing corgrol
(Supplementary Figures 2B,C 39.6% of the GFP-capturing B cells (761 supernatants) and

The steps of the technique, as optimized using transgeni®8.9% of the non-capturing B cells (747 supernatants) produced
mouse B cells, and model antigens, are shown schematicalyG (Supplementary Figure §. Thirty- ve of the supernatants
in Figure 2 To test the system in the context of a naturalfrom GFP-capturing B cells and none of the supernatants from
immune response, we exposed B cells from human peripher@FP-non-capturing cells bound speci cally to hemagglutinin.
blood mononuclear cells (PBMC) to adherent TE671 cell&rom those 35 wells (which initially contained 1.6 cells per well
stably expressing a GFP-tagged version of the hemagglutinon average), 27 recombinant antibodies were recoveredhwhic
from in uenza A/California/2009, the HIN1 strain includeid  bound speci cally to hemagglutinin. Hemagglutinin binding
in uenza vaccines from 2010 until 2016 (TE CA09HA-GFP).of some of the antibodies is dependent on both the heavy
We introduced the point mutation Y98F in the hemagglutinin and light chains, and in some cases only on the heavy chain
to eliminate sialic acid mediated binding2%). After 3h (Supplementary Figure 7, as has been reported previousIg%¢
of co-culture, B cells were retrieved and the GFP-capturin@5)). The sequences had a signi cant number of mutations from
B cells were isolated by FACS-igure 3A). We assessed germline V gene segment sequences, with mutations enriched
the antigen-speci city of the sorted cells by anti-HA 1gG in the complementarity-determining regiongigure 4C). This
ELIspot Figure 3B. Comparing unselected B cells and HA- suggests that the B cells, which captured the antigervivq
GFP-capturing B cells from the same donor, the techniquéad an antigen-experienced history, had received T-celb,hel
enriches the hemagglutinin-speci ¢ B cells by approximatelyand undergone a nity maturation. In parallel, we examined
100-fold Figure 3CQ. To obtain clones for characterization the mutation rate in 33 HA-non-binding heavy chains cloned
of the secreted antibodies, the experiment was repeated, afrdm the same donor, and the number of clones with unmutated
5,000 GFP-high, CD45-positive cells, and a similar number admmunoglobulin genes was signi cantly higher than in the
GFP-non-capturing cells were transformed with Epstein Barhemagglutinin-capturing cellsH{gure 4D). All of the 27 heavy
Virus (EBV). Four weeks later, the culture supernatants werand light chain pairs of the HA-binding antibodies were uné&u
assayed for HA-binding activity by ELISA and ow cytometry. This suggests that the number of available hemagglutinimtispe
Out of 46 clones derived from HA-GFP-capturing B cells, 1Xlones is at least at the higher end of the serum antibody
produced HA-speci c IgG as measured by ow cytometry, andclonotypic diversity, which has been estimated to be between
1 produced hemagglutinin-speci ¢ IgMHgure 3D). None of 50 and 400 clones26, 27). However, we found an over-
the supernatants from 49 non-GFP-capturing clones boundepresentation (5/27, 19%) of antibodies with the combinatio
speci cally to hemagglutinin. To verify that hemagglutinin of VH1-18 and VK2-30. According to DeKosky et &g, VH1-
binding measured by these assays corresponds to antigeb8/VK2-30 pairings comprise 0.1% of total clones identi ed for
speci ¢ immunoglobulin binding, we assayed IgG from theany of the donors, suggesting that in the donor we examined,
13 hemagglutinin-binding supernatants for hemagglutioati the VH1-18/VK2-30 pair has some germline-encoded a nity
inhibition and virus neutralization. Three clones showedfor hemagglutinin.
neutralizing activity, of which one showed strong virus-
neutralizing activity Figure 35, and also hemagglutination .
inhibition, ?:on rmin{; fh?a potel?ltial of the techniqgg to sae A Second, Antigen-Independent Label
and identify B cells of relevant a nity and speci city. We als Reports BCR-Independent Binding
examined the e ect of panning on the e ciency of isolation of Sorting the HA-GFP-capturing cells enriched hemagglutinin-
human in uenza-specic B cells, and showed that more thanspeci c B cells by a factor of 100. However, the sorted popuiatio
80% of sorted B cells secrete HA-speci ¢ antibodies in sulesaty  still contained 90% of B cells not speci ¢ for hemagglutinin.
culture (Supplementary Figures 2B, We hypothesized that this is due BCR-independent binding of

antigen-donor cell fragments to irrelevant B cells, and tlmas t
non-speci ¢ signal could be distinguished by adding a second,
. . antigen-independent membrane label. To test this hypothesis,
In vitro Single Cell B Cell Cultures of we labeled exposed membrane proteins on the TE CAO09HA-
Sorted Cells for Immunoglobulin Cloning GFP antigen-donor cells with Alexa Fluor 647 (A647) using
The EBV cloning immortalization e ciency was too low to give bioorthogonal click chemistry before co-culturing with iman
informative coverage of immunoglobulin genes of the amtige B cells. We reasoned that BCR-mediated capture of cognate
extracting population, so we adopted the protocol for expansiomntigen would result in the uptake of a large amount of
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FIGURE 2 | Schematic depiction of process for isolation antigen-speicc B cells using adhesion to antigen-expressing cells, uorscent antigen capture, upregulation
of B cell activation markers, and uorescence-activated célsorting.

antigen-GFP, and a small amount of antigen-associated A64@onsistent increase or decrease was seen in the false positive
proportional to the GFP signal. BCR-independent mechanismpopulation Figure 5B).
of uptake, such as adhesion of donor-cell-derived vesicles, We also compared the expression of CD69 in the two
would result in a higher ratio of A647 to GFP. As ispopulations of B cells, as well as the global expression level
clear from Figure 5A, both kinds of events indeed occur— of CD69 expression. The false positive population had levels
there is one GFP-high, A647-intermediate population that weof CD69 indistinguishable from the global population, while
hypothesize are membrane antigen-capturing B cells (MACB}he MACB population showed a bimodal distribution, with a
and one population with a lower GFP:A647 ratio similarlower peak like the global population and a CD69-high peak
to the donor cells. We tested our hypothesis that antigen{Figure 5C. The MACB population was the only population
specic cells would be contained in the GFP-high, A647with the second peak, and the only one whose CD69 expression
intermediate population in two ways: by tracking the size ofwasin uenced by immunizationKigure 5D). We concluded that
the populations before and after in uenza immunization, andthe combination of these three directly antigen-capturkated
by examining the activation of this population after exposuremarkers is su cient to identify antigen-extracting B cells.
to antigen.

B cells from 9 donors, from blood drawn before or 1 week aftePhenotypic Characterization of
in uenza vaccination, were co-cultured with A647-label€& |n yenza- Speci ¢ B Cells
CAOQO9HA-GFP cells for 3h, then retrieved and |mmunolabeleq_|avIng reliable ow cytometric markers of antigen speciyit
for ow cytometry. In all 9 donors, the number of cells in the

allowed us to characterize the hemagglutinin-specic B cell
MACB population increased following immunization, while no

subset and compare it to the overall population of B cells.
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FIGURE 3 | Isolation of Human Hemagglutinin-Speci ¢ B Cells by Capture bMembrane-Expressed HA-GFP(A) Gating of HA-GFP-capturing B cells. Polyclonal
human B cells were cultured for 3h on an adherent layer of TE HGFP cells, then retrieved and labeled with an anti-CD19 aititody and the CD19-positive, GFP-high
cells were sorted by FACS (B) Enumeration of HA-speci ¢ antibody-secreting cells by ELIspt. 400 GFP-capturing B cells sorted as shown in(A), or the same
number of GFP-negative cells, or 100,000 unsorted polycloal B cells from the same donor were incubated in ELIspot wellsaated with hemagglutinin for 3 days,
then the spots of antibody were visualized with anti-human 1§ secondary antibody.(C) Enrichment of antigen-speci ¢ B cells by membrane antigen cpture. Three
experiments like the one described in(B) were completed, using B cells from donors 2 weeks after immuization, and for each the frequencies of HA-speci c
1gG-producing cells among the GFP-capturing population andhe unsorted population were calculated and compared by twetailed pairedt-test. The mean frequency
was enriched by 100-fold from 0.04 to 3% (*p < 0.05). (D) EBV-immortalized clones derived from HA-GFP-capturing Bells. GFP-capturing or non-capturing B
cells were sorted as in(C), immortalized with Epstein Barr Virus (EBV), and culturedrf4 weeks. The supernatants were screened by ow cytometry fo anti-HA IgM
and IgG. Vertical axis shows the log ratio of immuno uorescene on HA-expressing cells divided by the same value for non-gxessing control cells: i.e., a value of 0
implies no speci c binding. Supernatants plotted with red trangles in the 4th column (HA-speci ¢ IgG-containing superngnts clones derived from GFP-capturing B
cells) were screened for hemagglutination inhibition andrus neutralization(E) Neutralization of in uenza virus by supernatants from EBV ches. Supernatants from
the clones shown with red triangles in(D) were incubated with live in uenza A/California/2009 virus atite indicated dilutions and then the virus was added to MDCK
cells. After 16 h, the cells were xed and productive infectia detected by immuno-colorimetry. Vertical axis shows optial density at 450 nm, and values< 0.15 imply
viral inhibition. Here, clone A10 exhibits minimal neutiaation, and clone A4 shows neutralization down to a dilutio factor of 212 (1:4,096, or 50 ng/ml).

A longitudinal follow-up also enabled us to track phenotypicimmunization were driven by increases in the numbers of
changes of this population induced by vaccinati®iglires § 7).  recently activated, vaccine-specic B cells, because patterns
All examined markers except CD138 were di erently expressedssociated with memory cells (CD27-high, 19G-high, IgD)ow
in the hemagglutinin-speci ¢ B cells compared to the overallalso characterize the post-vaccination, hemagglutininispec
population of B cells Kigure 6). IgM, IgD, and CD21 were population. Based on CD27 and IgD expressidfigire 7A),
signi cantly reduced in the hemagglutinin-speci ¢ population we plotted the numbers of naive and memory B cells as
whereas CD11c, CD19, CD20, CD27, CD38, CD71, and Igfactions of the global, or fractions of the hemagglutinpesi c
were increased. For most of these markers the di erences weR cell populations Eigure 7B). Before immunization, about
more pronounced at the timepoint after vaccinatidrigure 6.  80% of the global B cell population have a naive phenotype
However, higher CD20 and lower CD21 were also seen in th@ggD-positive, CD27-negative), and about 10% have an IgD-
hemagglutinin-speci ¢ population before vaccination. Thelyon negative, CD27-positive memory phenotype. Hemagglutinin-
marker showing opposing trends before and after vaccinatiospeci c B cells before immunization include about 40% each
was CD1lc; before vaccination, CD11lc was lower in thef naive and memory cells. Following immunization, the
hemagglutinin-speci c cells than in the overall B cell popwati  proportions in the global B cell pool remain unchanged from
whereas after vaccination it was higher. before immunization, while the proportion of hemagglutinin-
We hypothesized that the clearest population di erencespecic cells with the memory phenotype rises to almost 80%.
between hemagglutinin-specic and other B cells seen aftéWe hypothesize that these changes re ect an expansion of
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FIGURE 4 | Single Cell Cloning and Immunoglobulin Sequencing of Hemadgfinin-Extracting Human B Cells(A) Gating of HA-GFP-capturing B cells. Human B cells
were cultured for 3h on an adherent layer of TE HA-GFP cellshén retrieved and labeled. CD45-positive, GFP-high cells eve sorted by FACS and dispensed into
wells of 384-well plates at 1.6 cells per well(B) Speci cities of IgG in supernatants from high-throughput B cd cultures. GFP-high and GFP-negative B cells were
sorted and distributed into wells as in(A), and expanded for 18 days with irradiated PBMC and cytokinesThe supernatants were then screened by ELISA for total
IgM, total IgG, and binding to hemagglutinin (HA), tetanus taid (Tetanus), or Bovine Serum Albumin (BSA). Vertical axeBow the optical density at 450 nm. Red
symbols correspond to supernatants binding to HA, of whichhere are 34 derived from GFP-high cells and one from a GFP-negjve cell. IgG from the single
GFP-negative cell-derived clone also bound to other antiges and was deemed non-speci c. Raw numbers, and ELISA optical énsities of IgG-producing, and
HA-speci ¢ IgG-producing clones are shown inSupplementary Figure 6 . (C) Distribution of mutations in the immunoglobulin genes of heagglutinin-capturing B
cells. RNA from the cultures described irf(B) was reverse-transcribed and segments corresponding to vaable regions of heavy, lambda, and kappa chains were
ampli ed by PCR. We examined antigen binding of the recoveredecombinant antibodies to con rm the correct pairing of heay and light chains, and compared
sequences of the cloned gene segments with the closest gernmie sequences from publicly available databases. Germlineonservation is indicated by the percentage
of nucleotide identity to the nearest-match V gene segmentofr each of the germline-encoded structural components: FR1framework 1; CDR1,
complementarity-determining region 1; FR2, framework 2; DR2, complementarity-determining region 2; FR3, framewdr3. Amino acid sequences and inferred V, D,
and J gene segments are shown inSupplementary Table 1 . (D) Comparison of somatic hypermutation in heavy chain immundgbulin sequences isolated from
HA-enriched (HA-GFP-capturing) and HA-binding (in rst-rond screen) hits vs. hemagglutinin-non-binding control sguences. Hemagglutinin-speci ¢ VH sequences
(n D 32) represent antibodies that were veri ed to bind HA after dning and re-expression. HA-non-binding VH sequencesn(D 33) represent heavy chains that were
cloned from wells containing HA-binding antibodies, but di not contribute to a hemagglutinin-binding heavy-light chin pair in the validation screenp-values from
Mann-Whitney test. Germline identity was assessed with IgBAST using the IMGT germline database.

hemagglutinin-speci c memory B cells following immunizatio CD71 expression. Plotting IgD against CD71 for the global B
rather than a change in phenotype, because the absolute nsmbeell pool, or for the hemagglutinin-capturing B cells, we see that
of naive cells in the hemagglutinin-speci ¢ pool are not chetig cells with these features are rare((1%) in the global B cell
by immunization Figure 70). pool, but comprise 40% of the post-vaccination hemagglutinin-
The increased abundance following vaccination, and theapturing B cellsKigure 7D). Before vaccination, most of the
diminished CD21 expression characterizing the post-va¢mina hemagglutinin-capturing B cells are CD71-negative. To erami
hemagglutinin-capturing B cells led us to hypothesize thathe relationships between the four populations of cells (global
this population might be related to the vaccination-inducedpool, ABC, and the pre-, and post-vaccination HA-capturing
“activated B cells” (ABC) described by Ellebedy etzf).(The B cells) quantitatively and without the assumptions of manual
cardinal features of these B cells are minimal IgD, and higlgating, we used the automated clustering algorithm k-means
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FIGURE 5 | Identi cation of Antigen-Speci ¢ Population with Antigen-Asociated and Antigen-Independent Labels(A) BCR-dependent and non-speci ¢ antigen
uptake. B cells were co-cultured for 3 h with TE HA-GFP cellspf which the extracellular domains of membrane proteins hatieen additionally labeled with Alexa 647
(A647) by click chemistry. B cells were then retrieved and imunolabeled for CD19, measured by ow cytometry, and gated onsingle B cells. The plot shows GFP
intensity plotted against A647 intensity, both for the B cé¢lpopulation (blue pseudocolor, lower half of the gure), andfor comparison, the antigen-expressing TE cells
(magenta, upper right corner). Most B cells capture neithedA-GFP, nor other proteins (bottom left corner of plot). Twpopulations of B cells acquire HA-GFP: those
that acquire high GFP and intermediate A647 (“MACB"-membree antigen-capturing B cells, broken red oval); and those it also acquire large quantities of A647
(labeled “FP"—false positive, broken yellow oval). Gating shown in Supplementary Figure 3 . (B) Increase in numbers of HA-GFP capturing cells after immunizan.
B cells from nine donors were collected before and 1 week aftein uenza immunization, and then all 18 samples were assayeds above. Numbers of cells falling in
the MACB gate (1st and 2nd scatter columns, left vertical ag), and the FP gate (3rd and 4th scatter columns, right verta axis) shown in(A) were compared before
and after immunization for each donor by two-way ANOVA folled by Sidak's test. Vertical axes show numbers of cells in th gates per 100,000 B cells measured.
Bars show means and standard deviationsj < 0.05. (C) Histograms of CD69 expression by the cells in the three popations. CD69 expression on cells in
populations MACB, FP, and the global B cell pool was measuretty ow cytometry. The horizontal bar on the right of the plot maked “CD69-high” shows the gate
used to determine the percentages shown in(D), and also in analyses hereafter of the “CD69-high” sub-poplation of antigen-extracting cells(D) CD69 expression,
and response to immunization by the cells in the three poput@ns. Samples from nine donors taken before and after immumation were measured and gated as in
(C), and the levels of CD69 compared between populations and bateen time points by two-way ANOVA, followed by Dunnett's testo compare the two populations
with the whole B cell pool, and Sidak's test to compare pre- vs post-immunization within each population (**ff < 0.0001).

to classify B cells into nine clusters, based on their exjmess but a frequency of pre-vaccination hemagglutinin-capturing
of eight markers Figure 7B. These markers were chosen toB cells almost as high as among the global B cell pool
avoid the GFP, A647, CD69, and CD71 that were used t@rigure 7F. These results are consistent with the hypothesis
de ne the cell populations. We then assessed the frequenciésat hemagglutinin-specic B cells circulating in peripheral
of the four cell populations in each of the nine clusters. Theblood at steady state include naive cells as well as memory
highest frequency of ABC was seen in the CD19-high, CD2Gzells, and that following vaccination, one or both of these
high, CD21-low cluster (cluster 5 iRigures 7E,F. This cluster populations gives rise to the activated B cells described by
also contained the highest frequency of hemagglutinincapty  Ellebedy et al.Z9).

B cells post vaccination, corroborating the hypothesis that Since expression of these markers di ers between antigen-
these cells are related. Across all nine clusters, the érefjes capturing B cells and the global B cell pool, we examined the
of post-vaccination hemagglutinin-capturing B cells werer lo possibility that these markers might be enough to identife th

in clusters that contained few ABC, and high in clustersantigen-capturing population without the uorescent antigen
enriched for ABC. The cluster (cluster 8 iRigures 7E,f  marker. In samples taken post vaccination, this does indeed
characterized by low CD20, low IgD, low CD138 and highenable more than 100-fold enrichment, but at steady stdue, t
IgM was unique in containing equally low frequencies ofmost promising combination of markers only o ers about 10-
ABC and post-vaccination hemagglutinin-capturing B cellsfold enrichment Supplementary Figure .
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FIGURE 6 | Phenotypes of Hemagglutinin-Speci c B Cells from PeripheriaBlood. For the nine donors shown inFigure 5D, expression of markers was compared
between MACB cells (solid red circles) and the whole B cell goulation (open blue circles), before (left on each plot) arafter (right on each plot) immunization, by
two-way repeated measures ANOVA. Paired samples from eachahor are linked by black lines. Four donors were assessed witan antibody panel including CD11c
and CD71, and 5 donors assessed with a panel including CD38 Btead. For all parameters shown except IgD and CD138 there waa signi cant interaction between
population and time-point, so the antigen-extracting poplation was compared to the whole population at the two time-pints independently with Sidak's test (fy <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

Adapting the Method to Isolate and fourth transmembrane domaind 9 (Figure 8A). Binding
Autoantigen-Speci c B Cells of 1gG from serum of a patient diagnosed with myasthenia
Having optimized the paradigm using in uenza hemagglutiningravis to AChR-transfected cells is shown Figure 8B

as a model membrane antigen, we examined its applicabilifyeripheral blood B cells from this donor were co-cultured
to isolating B cells specic for a more complex membranefor 3h with AChR-GFP-transfected cells. As an additional
protein, for which the uorescent soluble antigen approachspecicity marker, transfected cells were labeled with A647-
is less suitable. We chose the ligand-gated ion channebnjugated-bungarotoxin (a high a nity AChR-binding toxin).
nicotinic acetylcholine receptor (AChR), antibodies againsB cells were then sorted on scatter, IgD, CD69, and antigen
which can cause the pathology of myasthenia gravis. Theapture, as shown ifrigure 8C and Supplementary Figure 3
receptor is comprised of ve protein subunits, each withSingle B cells sorted from the antigen-capturing gate were
four transmembrane domains, and despite recent advances gultivated in 384-well plate wells with IL-21 and feeder cells
isolating AChR-speci ¢ B cells, they remain a challengimgéd as described for the culture of HA-specic B cells, and after
(30). As antigen-donor cells we used TE671 cells transientl¥3 days, their supernatants were tested for AChR-binding
transfected with the alpha, beta, delta and epsilon subunitspeci city. Examples of negative and positive clones are shown
of human AChR. The alpha subunit was modied by thein Figure 8D. Using this technique, the frequency of antigen-
insertion of GFP in the cytoplasmic loop between its thirdspecic clones is lower than observed for vaccine-induced
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FIGURE 7 | Antigen Experience Pro les of Hemagglutinin-Speci ¢ B CellDetected in Human Blood.(A) Representative dot plot of IgD vs. CD27 expression. Human
peripheral blood B cells were co-cultured and analyzed by owcytometry as described inFigure 5. The plot shows IgD immuno uorescence on the horizontal axis
and CD27 immuno uorescence on the vertical axis, for the wha B cell population. Percentages of events in the “memory” ath“naive” quadrants shown were used
to generate (B), and absolute numbers of cells in these quadrants were useddtgenerate (C). (B) Proportions of events in the naive (light blue bars) and memp (dark
blue bars) quadrants in samples taken before and after immuration. Left half of bar chart shows proportions of naive ahmemory cells in the whole B cell pool; right
half shows proportions among the hemagglutinin-speci c fration. In each sub-chart, the two bars on the left correspond ® samples taken before immunization, and
the two bars on the right to samples taken after. Following tw-way, repeated measures ANOVA, the differences betweendguencies of memory cells before and after
immunization were subjected to Sidak's test; and the diffences between frequencies of memory cells in hemagglutinispeci c vs. the total B cell population to
Dunnett's test (***p < 0.0001). (C) Absolute numbers of naive and memory cells in the hemaggluain-speci ¢ population. Numbers of cells corresponding to he
“memory” phenotype [upper left quadrant in(A)], and “naive” phenotype [lower right quadrant iffA)] in the hemagglutinin-speci ¢ population per 100,000 totalB cells
are plotted on a log scale. Pre-immunization values are pltgd with blue circles, and post-immunization with red squags, and paired samples from each donor are
linked by black lines. Following signi cant two-way ANOVA He values were compared between the two time points within ta two populations by Sidak's test (**p <
0.001). (D) Contour plots of IgD vs. CD71 expression. Plots show either #awhole B cell pool (1st and 3rd plots), or the CD69-high, hemgglutinin-capturing
(Continued)
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FIGURE 7 | cells (2nd and 4th plots), taken from one donor, either befervaccination (blue contour plots on left), or 1 week afteréd contour plots on right)
vaccination. Cells from nine donors falling in the top leftupdrants (IgD-negative, CD71-high) of plots correspondintp the 4th plot here were used as the “Activated B
Cells” in(E,F). (E) Heat map showing the characteristics of 9 phenotypic clustes. Flow cytometry results for the 8 markers shown, for cellsaken before and after
vaccination from 9 donors were subjected to automated clugtring using the k-means algorithm in R/Bioconductor. Dendrgram to the left of the plot shows the
hierarchical relationships between the clusters, and theehdrogram above the plot the relationships between the maws. Red color encodes the highest level of
expression, and yellow-to-white the lowest.(F) Fractions of different cell populations falling in the cliisrs shown in (E). Gray circles (connected by gray line) show the
distribution of all B cells among the clusters. Blue circleshow the fractions of hemagglutinin-capturing, CD69 highHA-speci c) B cells from donors before
vaccination, and red squares the corresponding populatioone week after vaccination. Green triangles show the fractns of vaccination-induced “Activated B Cells,”
as de ned by the IgD-negative, CD71-high quadrant in the 4th it of (D). Cluster numbers on the vertical axis correspond to clustenumbers shown in(E). Fractions
shown on the horizontal axis were calculated by dividing theotal number of cells (pooled from all 9 donors) in a given dgbopulation, in a given cluster, by the total
number of cells in that population.

hemagglutinin-speci ¢ B cells; in this donor, about 0.5%a@ted  membrane-capture technique also identi es a small number of
clones were AChR-binding. hemagglutinin-speci ¢ naive B cells, and it remains possibéé th
descendants of these cells contribute to the post-vaccimatio
expanded memory pool.
DISCUSSION Having developed the method using in uenza hemagglutinin
as a model antigen, we moved on to AChR, a multi-subunit
The approach of exposing polyclonal B cells to cell-expresseemprane antigen, and the major autoantigen in myasthenia
membrane antigens and then sorting the antigen-capturingyrayis. The isolation of AChR-specic human B cells remains
cells is a powerful technique for B cell research and antibodyj cyit because the most commonly recognized epitope is
engineering. Its advantages include the ability to presetigans dependent on the receptors native conformatioR1y We
intheir native state and environment, the possibility to eiplhe  \yere aple to isolate anti-AChR reactive B cells from 6/6 teste
activation of the B cells themselves to increase speci aiig,the patients. As reported by others3), the frequency of these
gainin e ciency o ered by panning the B cells that adhere to the g cells was much lower than that of B cells directed against
antigenic cell layer. The technique is only appropriate for Bsce iy yenza hemagglutinin after vaccination. Because the lgoa
recognizing integral membrane proteins, but this include®  of this project was to obtain patient-derived AChR-speci ¢
important antigens including viral glycoproteins, autoaj@hs, monoclonal antibodies, sensitivity was a higher priority rtha
and tumor antigens. We assume that there is a lower limit Oypeci city. We therefore did not use an antigen-independent
the anity of the BCR-antigen interaction required to enabl |ape| to reject likely false positives, and this may also have
antigen capture, but for many purposes, the preferential igmiat depressed our speci City.
of higher a nity clones is a positive feature. These two applications of the technique both involved known
During optimization of the technique, we cloned and argetantigens, but the method should be adaptable to isj&
phenotyped hemagglutinin-specic B cells from human ce|is that recognize antigens whose identity is not yet kndut
peripheral blood. The phenotypic characteristics of antigenthat are known to be expressed in the membrane of a particular
capturing B cells characterized after co-culture can re eChgnherent cell line. For this purpose, membrane components
either in vivo developmental changes, or changes induced by the antigen-expressing cell line would be chemically labele
the capture process. The strong induction of CD69 and thgyith a uorophore before adding B cells. After co-culture, all B
di erences in light scattering properties that are seen befor@g|is that have upregulated CD69 and taken up the uorophore
and more so after vaccination are probably at least partly gre sorted and cultured. Antigen-specicity of the secreted
consequence of B cell activation following antigen captexe antihodies in the B cell culture supernatant can then be teste
vivo. We assume that when a signi cant di erence is observedagainst the antigen-expressing cell line. Heavy and lighincha
between the hemagglutinin-speci ¢ and global B cell populaion genes can be cloned from the cultured B cells, and used to prepare
following vaccination, but not at steady state, that thisksly to  ,,onoclonal antibodies for identi cation of the target agén by
re ect the in vivo response to vaccination. Elevated eXpreSSioﬂnmunoprecipitation and mass spectrometry.
of IgG, CD19, CD71, CD38, and CD27 t this pattern. On the  The seminal study of antigen acquisition by B cells from the
other hand, low IgD, low CD21, and high CD20 appear to bgnempranes of other cells by Batista et dl0)(used hen egg
characteristics of hemagglutinin-specic B cells irrespecof  |ysozyme (HEL) as a model antigen, in one of two forms. Either
recent vaccination. A plausible interpretation of this patter the antigen was complexed with antibodies and loaded onto an
of results is that a small population of hemagglutinin-speci cFog receptor-expressing myeloid cell line, or antigen-donor cells
memory B cells, possibly resulting from previous infectionsyere transfected with a construct encoding a transmembrane
or vaccinations, circulates in blood at steady state. Rifig domain and an extracellular HEL moiety. HEL-speci ¢ B cells
vaccination, some of these cells proliferate strongly, dmirt were seen to form stable contacts or “synapses’ with either
progeny produce the post-vaccination-typical populationkind of antigen donor cell, and gather the antigen into the
we observe, characterized by high CD27, CD38, and CD%ynapse. Since then, evidence has accumulated supporting the
expression. Not all the hemagglutinin-capturing B cells fromidea that B cells in the germinal center acquire antigen aftirm
donors before vaccination had this memory-like phenotypee Th of immune complexes3() from specialized antigen-pro ering
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FIGURE 8 | Optimized Sorting Using Membrane-Antigen-Capture Enabte
Near-Complete Puri cation of Antigen-Speci c Cells.(A) A647-labeled
alpha-bungarotoxin (BTX) binds to AChR-GFP transfected BZ1
proportionally to GFP intensity. TE cells were transienttyansfected with the
alpha, beta, delta and epsilon subunits of human AChR with a EP moiety
between third and fourth transmembrane helices of the alphaubunit. After
24 h, cells were labeled with A647-alpha-bungarotoxin and malyzed by ow
cytometry. (B) AChR-binding 1gG from patient serum. Serum from a patient
diagnosed with myasthenia gravis was diluted to 1:200 and icubated with
TE671 cells transiently transfected with AChR-GFP, then thi PE anti-human
1gG. (C) Application of antigen-capture sorting to the isolation of
AChR-speci ¢ B cells from a human donor. Magnetically isolad peripheral
blood B cells from a patient diagnosed with myasthenia grasiwere cultured
for 3h with TE cells expressing AChR. The AChR alpha subuniak a GFP
moiety fused in-frame in the large cytoplasmic loop betweethe third and
fourth transmembrane helices, and the antigen-donor cellare additionally
labeled with A647-conjugated bungarotoxin (BTX). After caulture, B cells
were retrieved by washing, labeled with uorescent antibodis, and
CD69-high, IgD-low, GFP- and A647- double positive cells (ding strategy in
Supplementary Figure 3 ) were sorted. (D) Con rmation of AChR-speci city
of B cell clone from patient. Single B cells sorted as in C wereultured for 13
days with CD40L-expressing feeder cells and IL-21 as descriéd in Methods.
Culture supernatants were then assayed for speci ¢ antibodis by incubating
with AChR-GFP-transfected (GFP-expressing) or non-trafiscted
(GFP-negative) cells, washing, and detecting with uoresag secondary
antibodies against human IgM, IgA, or IgG. The contour plot on thleft shows
results from a clone considered negative (similar IgG bindirto transfected
and untransfected cells), and the plot on the right a posite (higher binding to
transfected than untransfected cells) anti-AChR IgG-prodting clone.

cells such as follicular dendritic cells (FDC), and studieghef
subcellular details of how B cells acquire antigen have facuse
on this mechanism. The extraction of membrane integral pirote
antigens demonstrated by Batista et al., has received mssh le
attention, and there are important di erences between the two
scenarios. In both cases, the ability of the B cell to remoee th
antigen from the donor cell is dependent on a high enough
BCR-antigen binding a nity, but the forces retaining the igen

on the donor cell dier. In the case of FDC-pro ered immune
complexes, the outcome of the “tug-of-war” between the B cell
and the donor cell is dependent on the a nities of several non-
covalent interactions between antigen, antibodies, comptd
components and receptors on the FD. vitro experiments
suggest that when B cells acquire cognate antigen in the form
of immune complexes from FDC, they capture the antigen
without co-capturing the tethering moiety, i.e., withoutneving

any transmembrane protein from the membrane of the FDC,
suggesting that in these circumstances, extraction ofritegyral
membrane protein is energetically less favorable than rupgur
one of the protein-protein adhesions in the tethering chain of
proteins @1). In the case of an integral membrane antigen,
extracting the antigen from the membrane (possibly together
with some quantity of the associated membrane) is the only
option, unless the antigen is enzymatically cleaved. EnZgmat
cleavage is a possibility because B cells can secrete lysosome
hydrolases into the synaptic clefB3), but this mechanism
appears to be restricted in its utilization and not to be emptbye
for acquiring antigen from live cells2(). A more analogous
physiological equivalent of the mechanism exploited by our
technique might be the capture of viral antigen from infected
cells, such as lymph node subcapsular macrophages. These
cells act as pathogen sentinels, being particularly susceptibl
to infection with viruses such as vesicular stomatitis siru
(34 and are important for early B cell responses against the
pathogen 85). The fact that the speci city of the technique is
reduced by depolymerizing the actin cytoskeleton of thegentt
donor cells is, however, perhaps analogous to the reduction in
a nity discrimination caused by similar treatment of FDC in
the immune complex acquisition scenario described by Spillane
and Tolar @1). This result also predicts that cells with stier
membranes will make the most suitable antigen-donors for
this technique.

The uorescent membrane antigen capture method can thus
be used in two ways. By using a shew vivoco-culture with
antigen donor cells, and using the combination of an antigen
associated uorophore and an antigen-independent uorophore
to report antigen speci city, very rare populations of antigen-
speci ¢ B cells can be precisely characterized. By using acthere
antigen-donor cells and a long enough co-culture to allow
activation and surface expression of CD69, antigen-speci c B
cells can be e ciently sorted at very high purity and expanded
in vitro for antibody screening and immunoglobulin gene
cloning. In both cases, the technique is powerful enough to
detect antigen-speci ¢ cells without the need for pre-setetti
of memory or IgG-positive B cells. A particularly exible feagur
of the membrane antigen capture method we describe is that it
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