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Abstract

Identifying immunoglobulin (Ig) genes from antigen-specific B cells is crucial for understanding im-
mune responses and generating monoclonal antibodies for diagnostic and therapeutic purposes.
Despite single B cell PCR-based mouse antibody development is well established, several practical chal-
lenges remain. Here, we present an optimized protocol for the sequencing and cloning of variable
regions of antibodies from single antigen-specific mouse B cells, along with high-throughput antibody
expression and characterization. This method builds upon existing techniques, incorporating laborato-
ry refinements and detailed troubleshooting insights. By integrating fluorescence-activated cell sorting
(FACS) with reverse transcription polymerase chain reaction (RT-PCR) to amplify immunoglobulin
heavy and light chain genes, along with a 12-well format for antibody expression, our refined approach
enables efficient monoclonal antibody production and functional screening, thereby accelerating the

antibody discovery workflow across a range of experimental applications.
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INTRODUCTION

Antibodies, naturally produced by B lymphocytes (B
cells), are critical components of humoral immune
responses and play key roles in both diagnostics and
therapeutics. Characterizing the antibody response at
the monoclonal antibody (mAb) level is essential for
understanding B-cell-mediated humoral immunity and
advancing vaccine development. Recent advancements
in mAb generation have revolutionized several fields in
biology and medicine, particularly cancer immunother-
apy, infectious disease management, and autoimmune
disorder treatment (Lu et al. 2020; Taylor et al. 2024).
The remarkable clinical outcomes associated with mAb
therapies highlight the pressing need for robust and
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efficient antibody development methodologies, which
continue to be a highly important area of scientific
research (Chan and Carter 2010; Mullard 2021;
Pantaleo et al. 2022; Zinn et al. 2023).

Hybridoma technology and single B cell cloning are
two of the most commonly used approaches for gener-
ating mouse antibodies (Cotton and Milstein 1973;
Walker and Burton 2018). While hybridoma technolo-
gy remains widely used for mAb production, it is
inherently labor-intensive and time-consuming, often
resulting in variable success rates and low yield (Kdhler
and Milstein 1975; Bradbury et al. 2011; Lu et al. 2020).
By contrast, single B cell sorting, combined with single-
cell PCR, enables the direct isolation of antigen-specific
B cells and the amplification of immunoglobulin
variable region genes, offering a more streamlined path
toward mAb production (Tiller 2011). Unlike the
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hybridoma method, B cell sorting is faster, cost-effective,
and yields highly specific monoclonal antibodies with-
out requiring time-intensive screening and selection
steps.

Several protocols for single-cell PCR-based mouse
antibody cloning have been reported, providing valu-
able insights for antibody development (Tiller et al.
2009; von Boehmer et al. 2016; Ho et al. 2016). Howev-
er, practical challenges such as low cloning efficiency
and difficulties in obtaining complete variable region
sequences hinder the widespread application of this
method. To address these issues, we have optimized a
protocol for antibody development from single antigen-
specific B cells in mice. This protocol incorporates
multiple laboratory refinements and troubleshooting
strategies aimed at maximizing amplification efficiency
and streamlining the cloning workflow (Tiller et al. 2009;
von Boehmer et al. 2016). Importantly, we also include
antigen-specific B cell induction, single B cell sorting
strategies, and high-throughput antibody expression-
key steps that are often missing in most published pro-
tocols.

In summary, we present a comprehensive experi-
mental protocol for efficient antibody generation and
characterization. This includes antigen-specific B cell
induction, single B cell sorting and cloning, construc-
tion of mAb expression vectors, and a high-throughput
12-well plate system for mAb expression and function-
al screening (Fig. 1). This protocol provides a robust
framework for antibody discovery, ultimately con-
tributing to the advancement of monoclonal antibody
development in diverse experimental applications.

MATERIALS AND EQUIPMENT
Reagents

® 1x Phosphate Buffered Saline (PBS), Servicebio, Cat.
#G4202

Fetal Bovine Serum (FBS), ExCell Bio, Cat. #/SP500
AddaVax, InvivoGen, Cat. #vac-adx-10

0.5 mol/L EDTA, pH 8.0, Biosharp, Cat. #BL518A
RNasin Plus RNase Inhibitor, Promega, Cat. #N2615
Fixable viability stain 780, BD Biosciences, Cat.
#565388

Ms CD3e BV510, BD Biosciences, Cat. #563024

Ms CD4 BV510, BD Biosciences, Cat. #563106

Ms CD8a BV510, BD Biosciences, Cat. #563068

Ms CD19 PE-Cy7, BD Biosciences, Cat. #552854
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Ms IgD PerCp-Cy5.5, BD Biosciences, Cat. #564273

Ms CD95(Fas) PE, BD Biosciences, Cat. #554258

Streptavidin-APC, BD Biosciences, Cat. #554067

10x PBS, Servicebio, Cat. #G4207

EZ-Link NHS-PEG4-Biotin, ThermoFisher, Cat.

#A39259

® Phanta Max Super-Fidelity DNA Polymerase, with 10x
DNA Loading buffer, Vazyme, Cat. #P505

e HiScriptll 1st Strand cDNA Synthesis Kit, Vazyme, Cat.
#R211

® 2x Es Taq MasterMix (Dye), CWBIO, Cat. #CW0690S

® ClonExpress II One Step Cloning Kit, (Vazyme, Cat.
#C112

® Agarose, Biosharp, Cat. #BS081

e GimiRun DM5000 DNA Marker,
#GM6055

® Sodium chloride (NaCl), Sinopharm, Cat. #10019318

® Oxoid™ Tryptone, ThermoFisher, Cat. #LP0042B

® Oxoid™ Yeast Extract Powder, ThermoFisher, Cat.
#LP0021B

e Polyethylenimine (PEI), Polysciences, Cat. #24765
(Caution: Irritant, handle in a hood with gloves)

® rProtein A Beads 4FF (for antibody purification),
Smart Lifesciences, Cat. #SA015100

e SMM 293-TII Expression medium (for cell culture),
SinoBiological, Cat. #M293TII

® RPMI 1640 Medium, Monad, Cat. #CC00201S

® Penicillin-Streptomycin Solution (antibiotic), Basal-
Media, Cat. #S110JV

® Erythrocytes Lysate, Biosharp, Cat. #BL503B

Gimmico, Cat.

Equipment

Dissection scissors and forceps, sterilized

50 mL centrifuge tubes, Labselect, Cat. #CT-002-50A

15 mL centrifuge tubes, Labselect, Cat. #CT-002-15A

70 um cell Strainer, Biologix, Cat. #15-1070

5 mL round-bottom tube without cell-strainer cap,

Falcon, Cat. #352052

96-well mini skirt PCR plate, Bio-Rad, Cat. #HSP9601

Cover foil for sorting plate, Bio-Rad, Cat. #MSF1001

Cover foil for PCR plate, Biosharp, Cat. #BS-SF-A

E-Z 96 Endo-Free Plasmid Kit, Omega, Cat. #D1099-01

Affinity chromatography column, Sangon Biotech, Cat.

#F506607-0001

® Amicon Ultra-15 Centrifugal Filter Unit, Merck
Millipore, Cat. #UFC801024

e BD FACSAria III flow cytometer (for cell sorting), BD
Biosciences

® NanoDrop 2000/2000c Spectrophotometer, Thermo-

Fisher, Cat. #ND-2000
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Fig. 1 A flowchart of rapid generation of antigen-specific monoclonal antibodies from single mouse B cells. The procedure consists of
three main steps: mice immunization and single B cell sorting (with a pink background), antibody (Ab) gene amplification via PCR (with
a light green background), and Ab expression and binding screening (with a light blue background)

Reagent setup

FACS Buffer: Add 10 mL FBS and 1 mL 0.5 mol/L
EDTA (pH 8.0) to 490 mL 1x PBS. Store at 4°C for up
to one month.

RT-PCR Catch Buffer for 96-Well Plate: For one plate,
combine 18 uL RNasin Plus RNase Inhibitor, 7.2 uL
1 mol/L Tris (pH 8.0), and 694.8 pL nuclease-free
water for a total volume of 720 pL.

Ampicillin Stock Solution (100 mg/mL): Dissolve 1 g
ampicillin sodium salt in 10 mL ddH,0, then filter
through a 0.22-um membrane for sterilization. Store
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at -20°C.

LB-Ampicillin Agar Plates: Add 10 g tryptone, 5 g

yeast extract powder, 10 g sodium chloride, and 15 g

agar to 1 L. ddH,0. Autoclave the solution. Once the

LB agar has cooled to 55°C, add 100 mg ampicillin,

then pour it into Petri dishes. Store at 4°C for up to

one month.

® Agarose Gel (1% w/v): Dissolve 1 g agarose in 100 mL
1x TAE and heat until dissolved. Once the solution
has cooled to 55°C, add 5 pL Gel Red, then pour into
the gel tray.
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PROCEDURES
Step 1: Mice immunization and single B cell sorting

Step 1.1: Antigen-specific B cell induction and single-cell
suspension from spleen and lymph nodes

Step 1.1.1: To generate functional antibodies, we usual-
ly immunize BALB/c or C57BL/6 mice with purified
protein. A standard protocol involves intramuscular
(im.) administration of three doses of 10 pg recombi-
nant protein emulsified with the adjuvant AddaVax at
three-week intervals.

[Tip] We have tested recombinant proteins, pseu-
doviruses, and nanoparticles. We found that pseu-
dovirus and nanoparticle immunogens can induce
higher antibody titers and broader epitope coverage
compared with recombinant proteins (Ren et al. 2024;
Zhou et al. 2024).

Step 1.1.2: Before each immunization, collect blood
samples and measure antigen-specific antibody titers in
mouse serum.

Step 1.1.3: When antibody titers reach a high level
(typically indicated by an enzyme-linked immunosor-
bent assay [ELISA] binding signal of above 1.5 at a
1:10,000 serum dilution), administer a final booster
dose of 25 pg homologous protein. The boost antigen is
selected based on experimental purpose and is intend-
ed to recall memory B cells, thereby enhancing the anti-
body responses induced by the prior immunogens. The
booster antigen is divided into two equal doses and ad-
ministered via intraperitoneal (i.p.) and intravenous
(i.v.) routes.

[Tip] Optimizing the antigen dose and immunization
schedule is essential to achieving a robust immune
response and high antibody titers (Wang et al. 2023;
Liang et al. 2024; Schunk and Macallum 2005; Pollard
and Bijker 2021).

Step 1.1.4: Mice are euthanized five to seven days
after the final booster to collect immune cells at peak
activity for subsequent analysis.

Step 1.1.5: After euthanizing the mouse, harvest the
spleen or lymph nodes to make a single-cell suspension.
Place the spleen or lymph nodes on a 70-pum cell strain-
er in a dish with RPMI 1640 medium supplemented
with 2% FBS.

[Tip] To ensure cell viability, related handling should
be performed on ice or at 4°C whenever possible. While
the spleen is frequently used for B cell isolation, lymph
node cells are also valuable sources for sorting.

Step 1.1.6: Grind the spleen using the plunger of a
2 mL syringe on a cell strainer until no visible tissue
pieces remain, allowing the cells to be released into the
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medium.

Step 1.1.7: Collect the suspension from Step 1.1.6 and
centrifuge at 500g for 4 min.

Step 1.1.8: Discard the supernatant and resuspend
the cell pellet with 3 mL of erythrocytes Lysate for
3 min at room temperature to lyse red blood cells.

[Tip] Carefully control the lysis time to minimize any
impact on cell viability.

Step 1.1.9: Wash the cells by adding 7 mL RPMI 1640
(2% FBS), centrifuge again at 500g for 4 min, and
discard the supernatant.

Step 1.1.10: Resuspend the cells in 500 pL. RPMI
1640 for cell counting. In our laboratory, cell counting
is typically performed using a hemocytometer. A 10 uL
of the cell suspension is first diluted 50-fold, after
which 10 pL of the diluted suspension is mixed with
10 pL of trypan blue. Then, 10 uL of this mixture is
loaded onto the hemocytometer. The total number of
viable cells counted in the 16 squares at the four
corners is recorded as ‘n’. The concentration of live cells
in the original suspension is then calculated using the
formula: n/4 x 10* x 100 (dilution factor).

[Tip] B cells and T cells represent a large proportion
of total spleen cells, and their size (8-10 um) is smaller
than that of commonly maintained laboratory cells (e.g.,
Vero E6 and 293T). Be sure to adjust the parameters
when using the automated cell counter to ensure
accurate cell counting.

Step 1.2: Single B cell sorting by flow cytometry

Step 1.2.1: Prepare at least 3-10 million splenocytes
suspended in 100 pL pre-chilled staining buffer (2%
FBS, 1 mmol/L EDTA in PBS buffer).

Step 1.2.2: Prepare control tubes for compensation
calculation by using 0.5 million cells for each fluores-
cent antibody.

Step 1.2.3: Add biotinylated antigen to the sample
cells.

[Tip] If the biotinylated antigen is being used for
the first time, optimizing staining concentrations is
recommended.

Step 1.2.4: Incubate the cells with the antigen at 4°C
for 30 min.

Step 1.2.5: Wash the cells twice with staining buffer
and centrifuge at 500g for 4 min after each wash.

Step 1.2.6: Add a mix of fluorescent antibodies such
as CD19 PE-Cy7, CD95 PE-A, and Streptavidin-APC to
the sample. Incubate at 4°C for 30 min in the dark.

Step 1.2.7: Set up the flow cytometer by running the
blank and single-color control tubes first to set
compensation. Adjust the voltage as needed to ensure
signal detection.
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Step 1.2.8: Gate for live B cells based on markers:
780~ CD19* CD3/4/8 IgD~ CD95* APC* for antibody-
secreting B cells, and 780~ CD19* CD3/4/8~ IgD~ CD95~
APC* for memory B cells.

[Tip] Based on our laboratory experiences, single-
cell PCR efficiency is much higher for antibody-
secreting B cells than memory B cells at the time we
collect the peripheral immune organs. However, sorting
memory B cells remains a valuable option in certain
contexts.

Step 1.2.9: Sort these cells into a 96-well plate
containing 7 uL RNase-free catch buffer per well, and
immediately freeze the plate at -80°C or on dry ice for
subsequent steps. It is recommended to leave the last
two wells unsorted, as they will be reserved for nega-
tive and positive controls in the following steps.

[Tip] Consider exploring various staining strategies,
such as double immunogen staining or direct IgG
staining. However, it is crucial to establish a clear
strategy and ensure that different staining markers do
not interfere with each other. Additionally, proper
compensation calculation is essential, which relies on
the quality of the single-color stained control samples.
To improve gating accuracy, cells can be treated with a
specific purpose. For example, to differentiate live and
dead cells, a portion of the sample can be heated to
65°C prior to mixing with the live cells, followed by the
application of fixable viability stains.

Step 2: Antibody gene amplification via PCR
Step 2.1: Reverse transcription (RT) for cDNA synthesis

Step 2.1.1: Remove the sorted 96-well plate from -80°C
storage and place it on ice for 5 min.

[Tip] The 96-well plate containing sorted single cells
from the above steps is used here for reverse trans-
cription; therefore, it is essential to consider the maxi-
mum and minimum temperature tolerances of the plate
and its sealing film.

Table 2 PCR premix for IgH, IgK and IgL amplification

Step 2.1.2: Centrifuge the plate at 400g for 30 s at 4°C
to ensure all droplets settle at the bottom of the wells.

Step 2.1.3: Place the plate in a PCR machine and
incubate at 65°C for 5 min. Immediately put the plate
on the ice to cool for 2 min.

Step 2.1.4: Prepare the cDNA synthesis reaction mix
as shown in Table 1.

[Tip] Two types of primers can be used in this step:
Oligo(dT),3 VN and Random hexamers. Random hexa-
mers are less specific than Oligo(dT),; VN but may be
useful for amplifying a broader range of sequences.

Table 1 cDNA synthesis reaction mix

Component Per well (uL)  One plate (puL)
2x RT Mix 10 1000

Hiscript II Enzyme Mix 2 200

Oligo (dT),3 VN (50 umol/L) 1 100

Total 13 1300

Step 2.1.5: Distribute 13 pL of the reaction mix into
each well of the 96-well plate containing 7 pL catch
buffer.

Step 2.1.6: Seal the plate with a sealing film and
centrifuge the plate at 400g for 30 s to ensure all liquid
settles at the bottom of the wells.

Step 2.1.7: Run the reverse transcription program on
the PCR machine at 50°C for 45 min, then 85°C for 2 min.

[Tip] For random hexamers, a 25-min incubation at
25°C is required before running the above reverse
transcription program. The cDNA product can either be
used immediately for PCR or stored at -80°C.

Step 2.2: First round of PCR (amplification of IgH, IgK
and IgL genes)

Step 2.2.1: Prepare the PCR premix for IgH, IgK and IgL
amplification as shown in Table 2.

Component Per well (pL) One plate (pL) Final concentration
Water 7.45 745

Phanta buffer (2x) 10 1000

dNTP (10 mmol/L) 0.4 40 0.2 mmol/L
1mFH/K/L mix (50 pumol/L) 0.15 15 0.38 pmol/L
1mRG/K/L (50 umol/L) 0.1 10 0.25 pmol/L
Phanta polymerase 0.4 40 -

Total 185 1850
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To prepare the 1mFH/K/L (forward primer) mix,
first dilute each forward primer to 50 umol/L, then
combine 10 pL of each diluted primer in a 1.5-mL tube
to make the primer mix (50 pumol/L). The 1ImRG/K/L
reverse primer is also diluted directly to 50 pmol/L.
15 pL of the forward primer (1mFH/K/L) mix and
10 pL of the reverse primer (1mRG/K/L) are used for a
single 96-well plate.

[Tip] The primers used in the first PCR have been
previously published (von Boehmer et al. 2016). For
IgH and IgK amplification, two primer sets are available:
one optimized for normal-yield cDNA and the other for
low-yield cDNA.

Step 2.2.2: Distribute 18.5 pL of the PCR premix into
each well of the 96-well PCR plate.

Step 2.2.3: Add 1.5 pL of cDNA from Step 2.1.7 to the
corresponding wells.

Step 2.2.4: Seal the plate with PCR film and perform
the following thermal cycling program (Table 3).

Table 4 PCR premix for the second round of amplification

Table 3 Thermal cycling program for IgH, IgK and IgL amplifica-
tion

Step Temperature Time Cycles
Initial denaturation 95°C 30s 1
Denaturation 95°C 15s 50
Annealing 46°C 15s 50
Extension 72°C 1 min 50
Final extension 72°C 10 min 1
Hold 16°C [

Step 2.2.5: The PCR product can be used immediately
for the next round of PCR or stored at -20°C or —80°C.

Step 2.3: Second round of PCR (seq-PCR, IgH and IgK/L
amplification for sequence analysis)

Step 2.3.1: Prepare the PCR premix for the second
round of amplification (Table 4).

Component Per well (pL) One plate(pL) Final concentration
Water 7.64 764

2x Es Taq MasterMix 10 1000

2mFG/K or 2mFL mix (50 pmol/L) 0.18 18 0.45 pmol/L
2mRG/K/L (50 pmol/L) 0.18 18 0.45 pmol/L

Total 18 1800

The 2mFG and 2mFK primers (forward), and the
2mRG, 2mRK, and 2mRL primers (reverse), each
consist of a single primer, whereas the 2mFL mix is
prepared by combining two primers in equal amounts,
using the same method as the 1mFH mix described
earlier.

[Tip] The primers used in the second PCR (seq-PCR)
have been previously published (von Boehmer et al.
2016).

Step 2.3.2: Distribute 18 uL of the premix into the
wells of a new 96-well PCR plate.

[Tip] The total volume can be adjusted based on the
requirements of the sequencing purpose.

Step 2.3.3: Add 2 pL of the first PCR product to the
corresponding wells.

Step 2.3.4: Seal the plate with PCR film and perform
the following thermal cycling program (Table 5).

Step 2.3.5: Prepare 1% agarose gel to check the PCR
products. The expected product should be between
400-600 bp.

Step 2.3.6: The IgH and IgK/L PCR products with

© The Author(s) 2025

correct sizes are purified and sequenced using the
reverse primers.

Table 5 Thermal cycling program for the second round of ampli-
fication

Step Temperature Time Cycles
Initial denaturation 94°C 2 min 1
Denaturation 94°C 30s 40
Annealing 55°C 30s 40
Extension 72°C 20s 40
Final extension 72°C 10 min 1
Hold 16°C ©

[Tip] Using the reverse primers for sequencing helps
ensure the identification of the J portion of the heavy
chain or light chain, which is important for the cloning
PCR in Step 2.4. Variable and junctional (]J) gene
segments can be identified using the immunoglobulin
BLAST search tool available on the NCBI website
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(http://www.ncbi.nlm.nih.gov/igblast/). If the success
rate is low, retain the same reverse primers, but try the
forward primer mix used for the cloning PCR for the
second PCR amplification. The results from these two
sets of primers may differ, but any PCR product within
the 400-600 bp range can be recovered for the next step.

Step 2.4: Third round of PCR (clone-PCR, variable genes
amplification for expression vector cloning)

Step 2.4.1: Prepare the PCR premix for high-fidelity
amplification (Table 6).

Table 6 PCR premix for high-fidelity amplification

To prepare the mVH/K/L (forward primer) mix, first
dilute each mVH/K/L primer to 50 pmol/L, then
combine 10 pL of each diluted primer in a 1.5-mL tube
to make the primer mix (50 pumol/L). Typically, the
mJH/K/L (reverse) primer is selected based on the
antibody sequence and only one reverse primer is
required. The primers used in the third PCR are
adapted from published primers and listed in Tables
7-9 (von Boehmer et al. 2016; Ho et al. 2016).

Step 2.4.2: Distribute 18.5 pL of the PCR mix into
each well of a 96-well PCR plate.

Component Per well (pL) One plate (pL) Final concentration
Water 7.45 745 -

Phanta buffer (2x) 10 1000 -

dNTP (10 mmol/L) 0.4 40 -

mVH/K/L mix (50 pmol/L) 0.15 15 0.38 pmol/L
mJH/K/L primer (50 pmol/L) 0.1 10 0.25 pmol/L
Phanta polymerase 0.4 40 -

Total 18.5 1850 -

Step 2.4.3: Add 1.5 pL of the first-round PCR product
as a template to each well, ensuring corresponding IgH
and IgK/L products are in their respective wells.

Step 2.4.4: Seal the plate with PCR film and run the
following thermal cycling program (Table 10).

Step 2.4.5: Prepare 1% agarose gel to check the PCR

Table 7 IgH clone-PCR primers

products, which should be within the range of 400 to
600 bp.

Step 2.4.6: Select the bands that correspond to the
correct size for the following steps, then purify the IgH
and IgK/L PCR products using a gel extraction kit.

[Tip] If no bands are observed in the wells that were

IgH clone PCR Primer sequence

mVHO1-F
mVHO02-F
mVHO03-F
mVHO04-F
mVHO05-F
mVHO06-F
mVHO7-F
mVHO08-F
mVHO09-F
mVH10-F
mVH11-F
mVH12-F
mVH13-F
mVH14-F
mVH15-F

ctttttctagtagcaactgcaaccggtgtacattcccaggtgeagetgeageagectgg
ctttttctagtagcaactgcaaccggtgtacattcccaggtgeagetgeageagtetgg
ctttttctagtagcaactgcaaccggtgtacattcccaggtgeagetgaageagtetgg
ctttttctagtagcaactgcaaccggtgtacattcccaggtgeagcetgaaggagtetgg
ctttttctagtagcaactgcaaccggtgtacattccgaggtgaagetggaggagtetgg
ctttttctagtagcaactgcaaccggtgtacattccgaggtgcagetggtggagtetgg
ctttttctagtagcaactgcaaccggtgtacattccgaagtgcagetgttggagactgg
ctttttctagtagcaactgcaaccggtgtacattccgaggtgcagetgeageagtetgg
ctttttctagtagcaactgcaaccggtgtacattccgaggtgcagetgeaggagtetgg
ctttttctagtagcaactgcaaccggtgtacattccgaggtgcagetgeageagtetgt
ctttttctagtagcaactgcaaccggtgtacattccgaggtgaagetggtggagtetgg
ctttttctagtagcaactgcaaccggtgtacattcccagatccagetgeageagtetgg
ctttttctagtagcaactgcaaccggtgtacattcccaggttcagetgeaacagtetga
ctttttctagtagcaactgcaaccggtgtacattccgagttccagetgeageagtetgg
ctttttctagtagcaactgcaaccggtgtacattccgatgtacagettcaggagtcagg
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Continued

IgH clone PCR

Primer sequence

mVH16-F
mVH17-F
mVH18-F
mVH19-F
mVH20-F
mVH21-F
mVH22-F
mVH23-F
mJHO1-R
mJH02-R
mJHO3-R
mJHO04-R

ctttttctagtagcaactgcaaccggtgtacattccgaggtgeagcttgttgagtetgg
ctttttctagtagcaactgcaaccggtgtacattcccagegtgagetgcageagtetgg
ctttttctagtagcaactgcaaccggtgtacattccgacgtgaagetggtggagtctgg
ctttttctagtagcaactgcaaccggtgtacattccgaagtgatgetggtggagtetgg
ctttttctagtagcaactgcaaccggtgtacattcccaggtgeagettgtagagaccegg
ctttttctagtagcaactgcaaccggtgtacattcccagatgeagettcaggagtcagg
ctttttctagtagcaactgcaaccggtgtacattcccaggcttatctacageagtctgg
ctttttctagtagcaactgcaaccggtgtacattccgagttccagetgeageagtetgg
gaagaccgatgggcccttggtcgacgetgaggagacggtgacegtgg
gaagaccgatgggccecttggtcgacgetgaggagactgtgagagtgg
gaagaccgatgggcccttggtcgacgetgecagagacagtgaccagag
gaagaccgatgggcccttggtcgacgetgaggagacggtgactgagg

Table 8 IgK clone-PCR primers

IgK clone PCR

Primer sequence

mVKO01-F
mVKO02-F
mVKO03-F
mVKO04-F
mVKO05-F
mVKO06-F
mVKOQ07-F
mVKO08-F
mVKQ9-F
mVK10-F
mVK11-F
mVK12-F
mVK13-F
mVK14-F
mVK15-F
mVK16-F
mVK17-F
mVK18-F
mVK19-F
mVK20-F
mVK21-F
mVK22-F
mVK23-F
mVK24-F
mVK25-F
mVK26-F
mVK27-F
mVK28-F
mJKO1-R
mJK02-R
mJK04-R
mJKO5-R

ctttttctagtagcaactgcaaccggtgtacattccaacattatgatgacacagtcgec
ctttttctagtagcaactgcaaccggtgtacattccaacattgtgetgacccaatctee
ctttttctagtagcaactgcaaccggtgtacattcccaaattgttctcacccagtctee
ctttttctagtagcaactgcaaccggtgtacattcccaaattgttctcteccagtetec
ctttttctagtagcaactgcaaccggtgtacattccgaaaatgttctcacccagtctee
ctttttctagtagcaactgcaaccggtgtacattccgaaacaactgtgacccagtctee
ctttttctagtagcaactgcaaccggtgtacattccgaaattgtgctcactcagtctee
ctttttctagtagcaactgcaaccggtgtacattccgacatcaagatgacccagtctce
ctttttctagtagcaactgcaaccggtgtacattccgacatccagatgaaccagtctce
ctttttctagtagcaactgcaaccggtgtacattccgacatccagatgactcagtetee
ctttttctagtagcaactgcaaccggtgtacattccgacattgtgatgactcagtctc
ctttttctagtagcaactgcaaccggtgtacattccgacattgtgatgtcacagtetec
ctttttctagtagcaactgcaaccggtgtacattccgacattgtgetgacccaatctee
ctttttctagtagcaactgcaaccggtgtacattccgatatccagatgacacagactac
ctttttctagtagcaactgcaaccggtgtacattccgatgttgtgatgacccaaactce
ctttttctagtagcaactgcaaccggtgtacattccgaaatccagatgacccagtctee
ctttttctagtagcaactgcaaccggtgtacattccgacatccagatgacacaatctte
ctttttctagtagcaactgcaaccggtgtacattccgacatccagatgacccagtetee
ctttttctagtagcaactgcaaccggtgtacattccgacatcctgatgacccaatctee
ctttttctagtagcaactgcaaccggtgtacattccgacattgtgetcacccaatctec
ctttttctagtagcaactgcaaccggtgtacattccgatgttgtggtgactcaaactce
ctttttctagtagcaactgcaaccggtgtacattccaacattgtaatgacccaatctec
ctttttctagtagcaactgcaaccggtgtacattccgatgttttgatgacccaaactce
ctttttctagtagcaactgcaaccggtgtacattccgatattgtgatgactcaggetge
ctttttctagtagcaactgcaaccggtgtacattccgacatccagatgattcagtctec
ctttttctagtagcaactgcaaccggtgtacattccgacatcttgcetgactcagtctec
ctttttctagtagcaactgcaaccggtgtacattccgatgtccagatgattcagtetee
ctttttctagtagcaactgcaaccggtgtacattccgatgtccagataacccagtetee
agacagatggtgcagccaccgtacgtttgatttccagettggtg
agacagatggtgcagccaccgtacgttttatttccagettggte
agacagatggtgcagccaccgtacgttttatttccaactttgtce
agacagatggtgcagccaccgtacgtttcagctccagettggte

© The Author(s) 2025
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Table 9 IgL clone-PCR primers

IgL clone PCR Primer sequence

mVL01/2-F ctttttctagtagcaactgcaaccggtgtacattcccaggetgttgtgactcag
mVL0O3-F ctttttctagtagcaactgcaaccggtgtacattcccaacttgtgcetcactcag
mJLO1-R tgttggcttgaagctcctcactcgagggeggaacagagtgaccgagggggcage
mJL02/03-R tgttggcttgaagctcectcactcgagggegaaacagggtgactgatggegaagac
mJL04/05-R tgttggcttgaagctectcactcgagggegaaacacggtgagagtgggagtggac

Table 10 Thermal cycling program for high-fidelity amplifica-
tion

Step Temperature Time Cycles
Initial denaturation 95°C 30s 1
Denaturation 95°C 15s 30
Annealing 55°C 15s 30
Extension 72°C 30s 30
Final extension 72°C 10 min 1
Hold 16°C o] -

positive in the seq-PCR, the seq-PCR product can be
utilized as a template (Fig. 2). Although the sequences
at the 3’ or 5’ ends may be inaccurate, this approach
allows for initial functional verification before sequence
correction.

A

Marker

500 bp
100 bp

Step 2.5: Cloning into expression vectors

The PCR-amplified IgH and IgK/L genes are ligated into
mammalian expression vectors containing the mouse
IgG1 or IgK or human IgG1, IgL, or IgK constant regions,
enabling mAb production.

Step 2.5.1: Prepare a DNA assembly mix (Table 11).

[Tip] It is recommended to first prepare the assem-
bly mix without the gene fragment. Distribute 4 pL of
the assembly mix into each well of a 96-well plate for
convenience. Then, add 1 pL of the diluted insert to the
corresponding wells. We typically use a molar ratio of
1:2 for vector to PCR insert, with a total reaction
volume of 5 pL usually being sufficient.

Step 2.5.2: Incubate the plate at 37°C for 30 min. The
assembled product can be stored at —20°C for later use
or directly applied for transformation.

hﬂ'h,"wwwwl-—dww'-

Fig. 2 Clone-PCR comparison using templates from the first or second round of PCR. A Representative agarose gel image showing
cloning PCR results using first-round PCR products as templates. B Representative agarose gel image showing cloning PCR results using

second-round PCR products as templates
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Table 11 DNA assembly mix

Component Per well (pL)
5x CE Il Buffer 1

Exnase I 0.5
Linearized vector (about 5000 bp, 20-25 ng/uL) 1

Insert segment (about 500 bp, 5 ng/uL) 1

ddH,0 1.5

Total 5

Step 2.6: Transformation and plasmid preparation

Step 2.6.1: Thaw 2 mL of competent E. coli cells on ice.
Aliquot 20 pL of cells into each well of a 96-well plate.
Adjust the volume of competent cells as necessary for
the experiment.

Step 2.6.2: Add 1 pL of the assembled product to each
well. Incubate the plate on ice for 30 min.

Step 2.6.3: Perform a heat shock at 42°C for 35 s,
followed by a 2-min incubation on ice.

Step 2.6.4: Add 100-200 pL of LB medium to each well.
Incubate the plate at 37°C with shaking at 220 r/min
for 1 h.

Step 2.6.5: Plate 100 pL of the transformation culture
onto LB agar plates containing the appropriate
antibiotic. Incubate the plates at 37°C for 12-16 h until
colonies form.

Step 2.6.6: Select two colonies for each gene and
culture them overnight in an LB medium with the
appropriate antibiotic for plasmid preparation.

Step 2.6.7: Extract the plasmid DNA and verify the
insertion through a double enzyme restriction digestion.

Step 3: Antibody expression and binding screening

Step 3.1: Small volume expression and binding
verification

To minimize costs and reduce the number of large-
volume expressions needed for candidate antibodies,
we introduce small-volume antibody expressions prior
to scaling up to medium volumes (20-200 mL). This
approach strikes a balance between scalability and
precision, offering an efficient and practical method for
monoclonal antibody development.

Step 3.1.1: Culture Expi293F cells in a 12-well plate
(non-tissue culture-treated), to a cell density of 2 x 10°
to 3 x 10° cells/mL.

[Tip] A 12-well plate is used as an example.
Depending on experimental requirements, 24-well or
48-well plates can also be used to adjust for varying cell
culture volumes or throughput.

© The Author(s) 2025

Step 3.1.2: Dilute 1.5 pg of plasmid DNA (IgH: IgK/L =
1:1.2) in medium without FBS and antibiotics, and pre-
pare 2.25 pL of PEI solution per antibody, or use anoth-
er transfection reagent according to the manufacturer's
instructions to form the transfection mixture.

[Tip] Due to the small amount of plasmid required
for the initial transfection, prepare plasmid DNA using a
Plasmid Mini Kit, which typically yields sufficient
plasmid for initial expression experiments (40-50 mL).
Alternatively, use a 96 Endo-Free Plasmid Kit to obtain
enough plasmid for plate-based expression (1-2 mL).

Step 3.1.3: Add the transfection mixture to each well
containing Expi293F cells. Leave one well untreated or
transfected with an empty vector as a control.

[Tip] After transfection, seal the edges of the cell
plate with sealing film to prevent rapid evaporation of
culture medium from edge wells, which could negative-
ly affect cell viability and expression efficiency.

Step 3.1.4: Incubate the transfected cell plate at 37°C
in a CO, incubator with shaking at 120 r/min. Add the
expression enhancer solution during the incubation to
improve expression levels.

Step 3.1.5: Collect the cell supernatants containing ex-
pressed mAbs at 3, 4, 5, or 6 days of post-transfection
for initial binding screening. Supernatants from un-
treated or empty vector-transfected wells should serve
as negative controls.

Step 3.1.6: For functional verification, perform ELISA
or flow cytometry using the collected supernatant.
ELISA: coat wells with the target antigen, add superna-
tants as the primary antibody, and use HRP-conjugated
goat anti-human/mouse Fc as the secondary antibody
to detect binding. Flow cytometry: after blocking, incu-
bate antigen-expressing cells (e.g., 293T cells transfect-
ed with plasmid encoding the target antigen) with the
collected supernatants. Subsequently, stain the cells
with FITC-conjugated goat anti-human/mouse Fc anti-
bodies. Antibodies exhibiting binding to the target anti-
gen will result in FITC-positive signals, distinguishable
from controls. Ensure that supernatants from untreat-
ed wells or wells transfected with an empty vector are
included as negative controls to validate specificity.

Step 3.2: Medium-volume expression and purification

After binding screening, positive mAbs will be subject-
ed to medium-scale expression for further analysis.

Step 3.2.1: Culture Expi293F cells in a 125 mL shake
flask to a cell density of 2 x 10° to 3 x 10° cells/mL.

Step 3.2.2: One day before transfection, dilute the
cells to a concentration of 1 x 10° to 1.5 x 10° cells/mL
in 20 mL medium.

Step 3.2.3: On the day of transfection, dilute 30 pg of
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plasmid DNA (IgH: IgK/L = 1:1.2) in a medium without
FBS and antibiotics. Prepare the transfection complex
according to standard protocols.

Step 3.2.4: Add the transfection complex to the cell
culture.

Step 3.2.5: Incubate the flask at 37°C in a CO incu-
bator with shaking at 120 r/min. Add the expression
enhancer solution to boost expression levels. Culture
the transfected cells for 96-144 h.

Step 3.2.6: Centrifuge the culture at 8000g for 30 min
at 4°C to pellet the cells.

Step 3.2.7: Filter the supernatant through a 0.45-um
membrane to collect the antibody-containing
supernatant.

Step 3.2.8: Prepare a Protein A column for antibody
purification.

Step 3.2.9: Load the supernatant onto the column,
and let the antibodies bind to the matrix.

Step 3.2.10: Wash the column with PBS containing
1 mol/L NaCl, followed by PBS alone to remove
contaminants.

Step 3.2.11: Elute bound antibodies using a low-pH
buffer and immediately neutralize the elution with a
neutralization buffer. A recommended system is
0.1 mol/L Glycine (pH 2.7) for elution and 1 mol/L Tris-
HCI (pH 9.0) for neutralization in a 5:1 volume ratio.

Step 3.2.12: Verify antibody concentration and purity
via SDS-PAGE. Store purified antibodies in aliquots at
-80°C for long-term storage or at 4°C for short-term use.
Further functional validation can be performed using
ELISA, flow cytometry or alternative experiments for
antibody verification.

The optimized protocol combines a 96-well format of
single-cell cloning and a 12-well format of antibody ex-
pression, offering several advantages over traditional
methods in antibody development. By using FACS to se-
lect antigen-specific B cells and efficient single-cell
RT-PCR, followed by high-throughput cloning and ex-
pression, our approach accelerates the entire process
while minimizing the cost required for antibody
discovery. Although the improvements may not be
revolutionary, this protocol provides a reliable and re-
producible method for mAb production in mice, com-
plementing the current pipeline for antibody discovery,
immune profiling, and applications in diagnostics and
therapeutics.

Acknowledgements This work was supported by the National
Key Research and Development Program (2022YFC2604100) to

H.Z. The Flowchart was created with BioRender.

Author contributions H.Z. designed and supervised the project.
X.R. and H.Z. wrote the manuscript with input from all authors.

256 | August 2025 | Volume 11 | Issue 4

Compliance with Ethical Standards

Conflict of interest Xuanxiu Ren, Yiwei Zhang, Gan Zhang,
Shangyu Yang, Feiyang Yu, Rao Cheng, Zengqin Deng, Haiyan
Zhao declare that they have no conflict of interest.

Human and animal rights and informed consent This article
does not contain any studies with human subjects performed by
the any of the authors. For animal studies, all institutional and
national guidelines for the care and use of laboratory animals
were followed.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International (CC BY 4.0) License, which permits
use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The
images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.

References

Bradbury ARM, Sidhu S, Diibel S, McCafferty ] (2011) Beyond
natural antibodies: the power of in vitro display technologies.
Nat Biotechnol 29: 245-254

Chan AC, Carter PJ (2010) Therapeutic antibodies for autoimmunity
and inflammation. Nat Rev Immunol 10: 301-316

Cotton RG, Milstein C (1973) Letter: Fusion of two immunoglobulin-
producing myeloma cells. Nature 244: 42-43

Ho 1Y, Bunker ]], Erickson SA, Neu KE, Huang M, Cortese M,
Pulendran B, Wilson PC (2016) Refined protocol for generating
monoclonal antibodies from single human and murine B cells. |
Immunol Methods 438: 67-70

Kohler G, Milstein C (1975) Continuous cultures of fused cells
secreting antibody of predefined specificity. Nature 256:
495-497

Liang Z, Li C, Gong X, Ye G, Jiang Y, Shi H, Hussain A, Zhao M, Li M,
Tian Y, Zhao W, Yang Y, Huang Y, Shen C, Yang M (2024)
Development of Glycan-masked SARS-CoV-2 RBD vaccines
against SARS-related coronaviruses. PLoS Pathog 20:
€1012599. https://doi.org/10.1371 /journal.ppat.1012599

Lu R-M, Hwang Y-C, Liu I-], Lee C-C, Tsai H-Z, Li H-], Wu H-C (2020)
Development of therapeutic antibodies for the treatment of
diseases. ] Biomed Sci 27: 1. https://doi.org/10.1186/s12929-
019-0592-z

Mullard A (2021) FDA approves 100th monoclonal antibody
product. Nat Rev Drug Discov 20: 491-495

Pantaleo G, Correia B, Fenwick C, Joo VS, Perez L (2022) Antibodies
to combat viral infections: development strategies and
progress. Nat Rev Drug Discov 21: 676-696

Pollard AJ, Bijker EM (2021) A guide to vaccinology: from basic
principles to new developments. Nat Rev Immunol 21: 83-100

Ren X, Sun ], Kuang W, Yu F, Wang B, Wang Y, Deng W, Xu Z, Yang S,
Wang H, Hu Y, Deng Z, Ning Y], Zhao H (2024) A broadly
protective antibody targeting glycoprotein Gn inhibits severe

© The Author(s) 2025


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/nbt.1791
https://doi.org/10.1038/nri2761
https://doi.org/10.1038/244042a0
https://doi.org/10.1016/j.jim.2016.09.001
https://doi.org/10.1016/j.jim.2016.09.001
https://doi.org/10.1038/256495a0
https://doi.org/10.1371/journal.ppat.1012599
https://doi.org/10.1371/journal.ppat.1012599
https://doi.org/10.1186/s12929-019-0592-z
https://doi.org/10.1186/s12929-019-0592-z
https://doi.org/10.1186/s12929-019-0592-z
https://doi.org/10.1186/s12929-019-0592-z
https://doi.org/10.1186/s12929-019-0592-z
https://doi.org/10.1186/s12929-019-0592-z
https://doi.org/10.1186/s12929-019-0592-z
https://doi.org/10.1186/s12929-019-0592-z
https://doi.org/10.1038/d41573-021-00079-7
https://doi.org/10.1038/s41573-022-00495-3
https://doi.org/10.1038/s41577-020-00479-7

Rapid generation of antigen-specific monoclonal antibodies

PROTOCOL

fever with thrombocytopenia syndrome virus infection. Nat
Commun 15: 7009. https://doi.org/10.1038/s41467-024-
51108-z

Schunk MK, Macallum GE (2005) Applications and optimization of
immunization procedures. ILAR ] 46: 241-257

Taylor MH, Naing A, Powderly ], Woodard P, Chung L, Lin WH, Tian
H, Siemers N, Xiang H, Deng R, Hong K, Valencia D, Huang T,
Zhu Y, Liao XC, Schebye XM, Patel MR (2024) Phase I dose
escalation study of [0-108, an anti-LILRB2 antibody, in patients
with advanced solid tumors. ] Immunother Cancer 12:
€010006. https://doi.org/10.1136//jitc-2024-010006

Tiller T (2011) Single B cell antibody technologies. New
Biotechnology 28: 453-457

Tiller T, Busse CE, Wardemann H (2009) Cloning and expression of
murine Ig genes from single B cells. ] Immunol Methods 350:
183-193

von Boehmer L, Liu C, Ackerman S, Gitlin AD, Wang Q, Gazumyan A,
Nussenzweig MC (2016) Sequencing and cloning of antigen-
specific antibodies from mouse memory B cells. Nat Protoc 11:

© The Author(s) 2025

1908-1923

Walker LM, Burton DR (2018) Passive immunotherapy of viral
infections: “super-antibodies” enter the fray. Nat Rev Immunol
18:297-308

Wang H, Wang Z, Ma L, Zhu X, Li B, Huang Y, Li ], Sun M, Shi L, Yao Y
(2023) S trimer derived from SARS-CoV-2 B. 1.351 and B.
1.618 induced effective immune response against multiple
SARS-CoV-2 variants. Vaccines (Basel) 11: 193. https://doi.org/
10.3390/vaccines11010193

Zhou D, Cheng R, Yao Y, Zhang G, Li X, Wang B, Wang Y, Yu F, Yang S,
Liu H, Gao G, Peng Y, Chen M, Deng Z, Zhao H (2024) An
attachment glycoprotein nanoparticle elicits broadly
neutralizing antibodies and protects against lethal Nipah virus
infection. NP] Vaccines 9: 158. https://doi.org/10.1038/
s41541-024-00954-5

Zinn S, Vazquez-Lombardi R, Zimmermann C, Sapra P, Jermutus L,
Christ D (2023) Advances in antibody-based therapy in
oncology. Nat Cancer 4: 165-180

257 | August 2025 | Volume 11 | Issue 4


https://doi.org/10.1038/s41467-024-51108-z
https://doi.org/10.1038/s41467-024-51108-z
https://doi.org/10.1038/s41467-024-51108-z
https://doi.org/10.1038/s41467-024-51108-z
https://doi.org/10.1038/s41467-024-51108-z
https://doi.org/10.1038/s41467-024-51108-z
https://doi.org/10.1038/s41467-024-51108-z
https://doi.org/10.1038/s41467-024-51108-z
https://doi.org/10.1038/s41467-024-51108-z
https://doi.org/10.1093/ilar.46.3.241
https://doi.org/10.1136/jitc-2024-010006
https://doi.org/10.1136/jitc-2024-010006
https://doi.org/10.1136/jitc-2024-010006
https://doi.org/10.1136/jitc-2024-010006
https://doi.org/10.1136/jitc-2024-010006
https://doi.org/10.1136/jitc-2024-010006
https://doi.org/10.1016/j.nbt.2011.03.014
https://doi.org/10.1016/j.nbt.2011.03.014
https://doi.org/10.1016/j.jim.2009.08.009
https://doi.org/10.1038/nprot.2016.102
https://doi.org/10.1038/nri.2017.148
https://doi.org/10.3390/vaccines11010193
https://doi.org/10.3390/vaccines11010193
https://doi.org/10.1038/s41541-024-00954-5
https://doi.org/10.1038/s41541-024-00954-5
https://doi.org/10.1038/s41541-024-00954-5
https://doi.org/10.1038/s41541-024-00954-5
https://doi.org/10.1038/s41541-024-00954-5
https://doi.org/10.1038/s41541-024-00954-5
https://doi.org/10.1038/s41541-024-00954-5
https://doi.org/10.1038/s41541-024-00954-5
https://doi.org/10.1038/s41541-024-00954-5
https://doi.org/10.1038/s43018-023-00516-z

	INTRODUCTION
	MATERIALS AND EQUIPMENT
	Reagents
	Equipment
	Reagent setup

	PROCEDURES
	Step 1: Mice immunization and single B cell sorting
	Step 1.1: Antigen-specific B cell induction and single-cell suspension from spleen and lymph nodes
	Step 1.2: Single B cell sorting by flow cytometry

	Step 2: Antibody gene amplification via PCR
	Step 2.1: Reverse transcription (RT) for cDNA synthesis
	Step 2.2: First round of PCR (amplification of IgH, IgK and IgL genes)
	Step 2.3: Second round of PCR (seq-PCR, IgH and IgK/L amplification for sequence analysis)
	Step 2.4: Third round of PCR (clone-PCR, variable genes amplification for expression vector cloning)
	Step 2.5: Cloning into expression vectors
	Step 2.6: Transformation and plasmid preparation

	Step 3: Antibody expression and binding screening
	Step 3.1: Small volume expression and binding verification
	Step 3.2: Medium-volume expression and purification


	Acknowledgements
	Author contributions
	Compliance with Ethical Standards
	Conflict of interest
	Human and animal rights and informed consent
	References

