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A B S T R A C T   

The isolation of human monoclonal antibodies (mAbs) arising from natural infection with human pathogens has 
proven to be a powerful technology, facilitating the understanding of the host response to infection at a mo-
lecular level. mAbs can reveal sites of vulnerability on pathogens and illuminate the biological function of the 
antigenic targets. Moreover, mAbs have the potential to be used directly for therapeutic applications such as 
passive delivery to prevent infection in susceptible target populations, and as treatment of established infection. 
The isolation of antigen-specific B cells from vaccine trials can also assist in deciphering whether the desired B 
cells are being targeted by a given vaccine. Several different processes have been developed to isolate mAbs, but 
all are generally labor-intensive and result in varying degrees of efficiency. Here, we describe the development of 
a cost-effective feeder cell line that stably expresses CD40-ligand, interleukin-2 and interleukin-21. Sorting of 
single B cells onto a layer of irradiated feeder cells sustained antibody production that permits functional 
screening of secreted antibodies in a manner that enables subsequent recovery of B cells for recombinant anti-
body cloning. As a proof of concept, we show that this approach can be used to isolate B cells that secrete an-
tibodies that neutralize human papilloma virus (HPV) from participants of an HPV vaccine study.   

1. Introduction 

The isolation of pathogen-specific monoclonal antibodies (mAbs) 
generated during natural human infections with human immunodefi-
ciency virus (HIV), influenza virus, respiratory syncytial virus, human 
cytomegalovirus (CMV), Epstein-Barr virus (EBV), Zika virus and 
dengue virus has helped define critical epitopes on these pathogens and 
advanced vaccine design (Rappuoli et al., 2016; Burton, 2017; Snijder 
et al., 2018; Robbiani et al., 2017). Moreover pathogen-specific mAbs 
can provide critical proof of concept to establish the protective efficacy 
of antibodies against pathogenic challenge (Mascola et al., 2000; Hessell 
et al., 2009; Hessell et al., 2007; Parren et al., 2001; Wang et al., 2018; 

Shingai et al., 2014; Magnani et al., 2017; Wang et al., 2017; Renegar 
and Small Jr., 1991; Pinto et al., 2020), with demonstrated prophylactic 
or therapeutic potential if delivered passively (Caskey et al., 2019). 
Importantly, the rapid isolation of mAbs is a powerful method that can 
be used to understand the human immune response to infection in the 
context of rapidly emerging infections, such as the current COVID-19 
pandemic (Pinto et al., 2020; Traggiai et al., 2004; Seydoux et al., 
2020; Ju et al., 2020; Shi et al., 2020). 

Several approaches exist to identify and isolate antigen-specific B 
cells and monoclonal antibodies. Some of these are based on binding, 
such as the construction and panning of phage display libraries (Ying 
et al., 2014; Prabakaran et al., 2006; Chen et al., 2012; Sui et al., 2004; 
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Burton et al., 1994; Roben et al., 1994; Bugli et al., 2001; McCafferty 
et al., 1990), or using fluorescence activated cell sorting (FACS) to 
identify and isolate individual antigen-specific B cells for single-cell 
sequencing of antibody heavy and light chain transcripts which are 
then reconstructed as mAbs (Scheid et al., 2008; Tiller et al., 2008). 
Another approach to identify vaccine-specific antibodies is to isolate 
antibody-secreting plasmablasts (without antigen-specific sorting) for 
single-cell BCR sequencing to reconstruct recombinant antibodies 
(Smith et al., 2009). These techniques select for antigen-specific B cells 
and require subsequent BCR sequencing and generation of recombinant 
mAbs to test for an antibody activity of interest, such as neutralization or 
the ability to recruit effector cells and mediate antibody-dependent 
cellular phagocytosis (ADCP) or antibody-dependent cellular cytotox-
icity (ADCC). 

Other approaches are based on immortalizing B cells and then 
culturing them in multi-well plates and screening culture supernatants 
for activity. These include B cell immortalization with Epstein-Barr virus 
(Steinitz et al., 1977; Traggiai et al., 2004), electrofusion with a human 
B cell/murine myeloma hybrid (Li et al., 2006), or genetic reprogram-
ming through retroviral delivery of anti-apoptotic transcription factor 
genes (Kwakkenbos et al., 2010). An alternative to these immortaliza-
tion strategies is culturing of B cells on feeder cells in the presence of 
cytokines to promote differentiation and short-term growth (Huang 
et al., 2013; Walker et al., 2009; Huang et al., 2012). The major 
advantage of these approaches is that they permit a forward screen for 
activity prior to recombinant mAb generation. This can be advanta-
geous, if not critical, to identify antibodies that only recognize quater-
nary epitopes or native epitopes that are not present on recombinant 
proteins. Disadvantages of these immortalization and culture-based 
approaches are inefficiencies of immortalization (e.g., EBV) and the 
cost of recombinant cytokines to supplement B cell cultures in a high 
throughput format. 

Here, we describe the development and characterization of a feeder 
cell line based on the one described by Huang and colleagues (Huang 
et al., 2013) that provides B cells the necessary stimuli to proliferate in 
culture for approximately 2 weeks without the requirement for recom-
binant cytokine supplementation. We constructed a lentiviral delivery 
vector capable of delivering the genes for IL-2 and IL-21, and transduced 
CD40L-expressing 3T3 cells. We demonstrate that this cell line main-
tains long-term expression of CD40L, IL-2, and IL-21, and when irradi-
ated, supports growth and secretion of IgG from B cells after 13 days of 
co-culture. To further illustrate the utility of this feeder cell line, we used 
it to identify and isolate binding and neutralizing mAbs from a partici-
pant in a nonavalent human papilloma virus (HPV) vaccine trial. 

2. Materials and methods 

2.1. Production of lentiviral construct to deliver recombinant human IL-2 
and IL-21 

Human IL-2 cDNA containing a C153A mutation (Stauber et al., 
2006) followed by human IL-21 cDNA separated by a T2A cleavage site 
was used to replace the eGFP ORF downstream of the MND promoter in 
pRRL.MND.eGFP-WPRE (Sather et al., 2011) to yield pRRL-MND-IL2- 
T2-IL21-WPRE. 

Lentiviruses were produced by co-transfecting the pRRL-MND-IL2- 
T2-IL21-WPRE, psPAX2 (Addgene #12260) and pMD2.G (Addgene 
#12259) plasmids at a 4:2:1 ratio (6, 3, and 1.5 μg, respectively) into 
293T cells in DMEM +10% FBS and glutamine using PEI MAX (Poly-
sciences) at a 4:1 PEI to DNA ratio. After incubation for 18–24 h at 37 ◦C 
in the presence of 5% CO2, the media was aspirated, the cells were 
washed once with 1× phosphate buffered saline (PBS) and then overlaid 
with DMEM without phenol red, supplemented with 3% FBS and 
glutamine. Twenty-four hours later, the supernatant was passed through 
a 0.22 μm filter. Viral particles were concentrated by centrifugation at 
8500 ×g overnight at 4 ◦C. The media was then aspirated off and the 

viruses were resuspended at 100× in HBSS and stored at − 80 ◦C. 

2.2. Viral transduction of 3T3-CD40L cell line 

The murine 3T3-CD40L cell line (Huang et al., 2013) was acquired 
from the NIH AIDS Reagent Program (Cat.# 12535). Cryopreserved 3T3- 
CD40L cells were quickly warmed at 37 ◦C and added to warm DMEM 
complete growth media [DMEM supplemented with 10% FBS (Gemini), 
1% L-glutamine (Gibco), 1% penicillin-streptomycin (Gibco), and 350 
μg/mL geneticin (G418) (Gibco)]. Cells were washed by spinning at 300 
×g for 10 min and resuspended in growth media. Cells were then 
counted and seeded at 40,000 cells/mL in T25 flasks. Once the cells 
reached 90–95% confluency, media was removed, the cells were rinsed 
with PBS and detached from the flask by incubating with 5 mL 0.25% 
trypsin (Gibco) for 3 min at 37 ◦C. Cells were then combined in a 50 mL 
conical and washed twice with growth media. The 3T3-CD40L cells were 
counted, resuspended at 40,000 cells per mL in growth media and 
50,000 cells were seeded in 1.25 mL per well in 12-well culture plates. 
Plates were incubated for 2 days at 37 ◦C with 5% CO2. The IL-2/IL-21 
lentiviral stock was thawed and a range of dilutions (0.1–10 μL) of the 
lentivirus were made in DMEM complete with 8 μg/mL Polybrene 
(Sigma-Aldrich). The lentiviral dilutions were transferred to the 3T3- 
CD40L cells and incubated for 5 days at 37 ◦C. The IL-2 and IL-21 
transduced 3T3-CD40L cells (3T3 IL-2/IL-21/CD40L cells) were 
expanded as follows: media was removed from the culture plates, cells 
were washed twice with 1× PBS and incubated in 3 mL trypsin for 3 min 
at 37 ◦C. Trypsin was quenched with 500 μL growth media and the cells 
were resuspended. Cells were seeded in T25 flasks with additional 
growth media and expanded. Once a sufficient number of cells were 
expanded, the cell line was cryopreserved at 5 × 106 cells/vial and 
stored in liquid nitrogen. 

2.3. Characterization of the 3T3 IL-2/IL-21/CD40L cell line 

2.3.1. IL-2 and IL-21 production by ELISA 
IL-2 and IL-21 secretion was measured by enzyme-linked immuno-

sorbent assay (ELISA) (Invitrogen). ELISAs were performed according to 
manufacturer instructions. In brief, 96-well high bind microplates 
(Corning) were coated with 100 μL coating antibody (anti-human IL-2 or 
IL-21) diluted 1:250 in 1× PBS and incubated at 4 ◦C overnight. Cell 
culture supernatants were collected and cryopreserved at − 80 ◦C until 
the day of ELISA assays. Supernatant aliquots were thawed at room 
temperature (RT) and were diluted in the ELISA assay diluent at various 
dilutions (1:50–1:10,000) depending on the concentration of cytokines. 
The coated plates were washed 3 times with 250 μL PBS, 0.05% Tween 
20 buffer and blotted to remove excess liquid. Plates were blocked for 1 
h at RT with 200 μL 1× ELISA diluent. The plates were washed 2 times 
and diluted supernatants were transferred to the ELISA plates along with 
the serially diluted standards. Samples were incubated at RT for 2 h. 
Plates were washed and 100 μL detection antibody (biotin-conjugated 
anti-human IL-2 or IL-21) diluted to 1:250 was added to the plates and 
incubated for 1 h at RT. Plates were again washed followed by the 
addition of 100 μL avidin-HRP diluted to 1:250 and incubated for 30 min 
at RT. The plates were washed 6 times before the addition of 100 μL 1×
TMB solution. The reaction was arrested with 1 N sulfuric acid after 15 
min at RT and the plates were read at 450 nm on a SpectraMax i3X plate 
reader (Molecular Devices). Concentrations of IL-2 and IL-21 were 
interpolated from the appropriate standard curves. 

2.3.2. CD40L expression assessed by flow cytometry 
Initial characterization of the 3T3 IL-2/IL-21/CD40L cell line was 

performed to confirm continued CD40L expression. CD40L expression 
on non-irradiated 3T3 IL-2/IL-21/CD40L cells was confirmed by flow 
cytometry after 1 week (3 passages) and 8 weeks (24 passages). Cells 
were detached from the flask using cold PBS supplemented with 5 mM 
EDTA (Gibco) and a portion of the sample was transferred to FACS tubes. 
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Cells were incubated with anti-CD154 PE (BD Biosciences, TRAP-1) in 
stain media (1× PBS, 10% FBS) for 20 min at 4 ◦C. The sample was 
washed with PBS and run on an LSR II (BD Biosciences) alongside an 
unstained cell sample. Data were analyzed using FlowJo v9.4 (BD 
Biosciences). 

2.4. Preparation of irradiated 3T3 IL-2/IL-21/CD40L cells 

2.4.1. Irradiation of 3T3 IL-2/IL-21/CD40L cells 
A single-cell suspension of expanded 3T3 IL-2/IL-21/CD40L cells 

was transferred to 50 mL conical tubes. In order to prevent the feeder 
cells from overwhelming the B cell monocultures when co-cultured, the 
3T3 IL-2/IL-21/CD40L cells were irradiated at 5000 rads for 5 min to 
prevent them from undergoing additional expansion when in co-culture. 
Aliquots of 5 × 106 irradiated 3T3 IL-2/IL-21/CD40L cells were cry-
opreserved in order to generate a stock of irradiated feeders readily 
available to prepare B cell culture plates. 

2.4.2. Feeder cell culture plate preparation 
When preparing feeder cell culture plates for B cell sorting, a vial of 

cryopreserved irradiated 3T3 IL-2/IL-21/CD40L cells was rapidly 
thawed to 37 ◦C until a small pellet of frozen cells remained, and the vial 
contents were transferred to warm culture media (IMDM, 10% FBS, 1% 
L-glutamine, 1% penicillin-streptomycin). The feeder cells were washed 
to remove any remaining DMSO, counted on an automated cell counter 
(Muse, Millipore) and plated on flat-bottom tissue culture-treated plates 
at a density of 87,500 live cells per cm2 of well area in culture media. 
The outer wells from each plate were filled with 1× PBS to prevent 
evaporation of media in culture wells. Before use, plates were incubated 
for 12–24 h at 37 ◦C to allow the cells to recover and begin producing 
cytokines. 

2.5. Expansion of monoclonal memory B cells using 3T3 IL-2/IL-21/ 
CD40L cells 

2.5.1. Control participant cohort 
Peripheral blood mononuclear cells (PBMCs) were obtained from 

HIV-1 seronegative donors who were recruited at the Seattle HIV Vac-
cine Trials Unit (Seattle, Washington, USA) as part of the study 
“Establishing Immunologic Assays for Determining HIV-1 Prevention 
and Control”. All participants signed informed consent, and the Fred 
Hutchinson Cancer Research Center IRB (Seattle, WA, USA) institutional 
human subjects review committee approved the protocol prior to study 
initiation. 

2.5.2. PBMC preparation and single-cell sorting for memory B cells 
Cryopreserved PBMCs were rapidly warmed at 37 ◦C until a small 

frozen pellet remained. Vial contents were then transferred to a conical 
tube containing warm R10 media (RPMI containing 10% FBS, 1% L- 
glutamine, and 1% Penicillin-Streptomycin) with benzonase at 50 U/mL 
(Millipore). PBMCs were centrifuged at 300 ×g for 10 min and washed 
twice with 20 mL R10 media. Thawed PBMCs were aliquoted to a FACS 
tube for staining. Cells were centrifuged at 650 ×g for 5 min and stained 
with anti-CD14 PE-Cy5 (eBioscience, 61D3), anti-CD56 PE-Cy5 (BD 
Biosciences, HCD56), anti-CD3 BV510 (BD Biosciences, OKT3), anti- 
CD19 ECD (Beckman Coulter, J3-119), anti-IgD BV786 (BD Bio-
sciences, IA6-2), anti-IgG BV421 (BD Biosciences, G18-145) in stain 
buffer (1× PBS supplemented with 10% FBS). Cells were incubated with 
the antibodies for 20 min at 4 ◦C. The sample was washed twice with 
stain buffer and resuspended in R10 media containing viability dye 
(7AAD, Invitrogen). IgG+ memory B cells were sorted (one per well) 
into 96-well half-area culture plates containing the irradiated 3T3- 
CD40L feeder cells described above. Cells were sorted on a FACS Aria 
II (BD) using a 70 μm nozzle and the following gating strategy: CD3-, 
CD56-, CD14-, CD19+, IgD-, and IgG+ live singlet cells. Ten plates of 
sorted cells were placed in the incubator at 37 ◦C. Culture supernatants 

were harvested 13 days later by quickly pelleting the cells at 750 ×g for 
about 30 s and transferring the supernatant to a new 96-well culture 
plate, which was stored at − 80 ◦C until use. 

2.5.3. Detection of secreted IgG by ELISA 
Maxi-Sorp ELISA plates (Invitrogen) were coated with 100 μL coating 

antibody (anti-human IgG Fc Antibody, ICL) diluted to 1:200 in coating 
buffer (0.05 M Bicarbonate Buffer, pH 9.6). Plates were incubated for 1 h 
at RT and washed five times with 200 μL wash buffer (PBS, 0.05% Tween 
20). Plates were then blocked with 300 μL blocking buffer (PBS, 1% BSA, 
0.03% Tween 20) and incubated for 30 min at RT. Blocking buffer was 
decanted and 50 μL of supernatant diluted in sample diluent (ICL) to a 
1:10 dilution was added to each well. Samples were incubated for 1 h at 
RT. Plates were washed 5 times with 200 μL wash buffer and 100 μL 
antibody conjugate (anti-human IgG h + l Antibody, ICL) diluted to 
1:30,000 was added to each well. The plates were incubated at RT for 40 
mins in the dark. Plates were again decanted and washed 5 times with 
wash buffer and 100 μL TMB substrate (Surmodics) was added to each 
well. ELISA plates were incubated for 8 min at RT in the dark after which 
the development was arrested with 100 μL 0.1 M sulfuric acid. Plates 
were read at 450 nm on a SpectraMax i3X plate reader (Molecular 
Devices). 

2.6. Expansion of monoclonal HPV vaccine-specific memory B cells using 
3T3 IL-2/IL-21/CD40L cells 

2.6.1. Participants 
The Fred Hutch institutional human subjects review committee 

approved all protocols prior to study initiation, and participants 
completed a thorough written informed consent process before study 
enrollment. Eligible participants were non-pregnant healthy adults, 18 
through 26 years of age. As part of the enrollment criteria, participants 
were screened for seropositivity for Human Papilloma Virus (HPV) 
strains 16 and 18. HPV seronegative consented participants were 
vaccinated with the licensed HPV vaccine, Gardasil-9® (nHPV), at 
weeks 0, 8, and 24. nHPV contains self-assembling virus-like particles 
(VLPs) of the L1 major capsid proteins from HPV strains: 6, 11, 16, 18, 
31, 33, 45, 52, and 58. Blood was collected for isolation and cryopres-
ervation of PBMCs two weeks after the second vaccination (week 10). 

2.6.2. Preparation of HPV pseudoviruses 
HPV16 and HPV18 pseudoviruses (PsV) were prepared as previously 

described (Scherer et al., 2014). In brief, 293TT cells were co-transfected 
with pYSEAP (plasmid expressing secreted alkaline phosphatase) and 
either p16L1L2 or p18L1L2 (plasmid expressing HPV16 or HPV18 L1 
and L2) using Lipofectamine2000 transfection reagent (Invitrogen). 
After 72 h, cell lysates were prepared by incubating the cells at 37 ◦C for 
24 h in PBS-Mg solution (PBS supplemented with 1× antibiotic- 
antimycotic (Life Technologies) and 9.5 mM MgCl2), 0.5% Triton X- 
100, 40 mM sodium phosphate buffer pH 7.5 and 20 μg/mL RNAse A, 
then storing at − 80 ◦C until use. In contrast to nHPV vaccine VLPs, the 
PsVs contain both the L1 and L2 major and minor capsid proteins and are 
infection competent. Thawed lysates were clarified twice prior to la-
beling. Each HPV PsV strain was conjugated to a unique fluorochrome 
(AF488 or AF647) by rotating diluted cell lysates with Alexa Fluor 488 
or Alexa Fluor 647 dye (Life Technologies Cat #A10235, A20173) for 1 
h at RT in the presence of 90 mM sodium bicarbonate buffer, pH 8.5. 
Labeled PsV were isolated from excess dye and cell lysate precipitate 
using Optiprep (Sigma-Aldrich) density gradient ultracentrifugation. 
Fractions containing the most L1 protein, as determined by SDS-PAGE 
gels, were used for staining (Scherer et al., 2014). 

2.6.3. Sorting HPV vaccine-specific memory B cells 
Cryopreserved PBMCs collected two weeks after the second nHPV 

vaccination were thawed and washed as described above. Samples were 
first incubated with AVID Live/Dead stain (Invitrogen) and a cocktail of 
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unlabeled antibodies to biomolecules that may bind to HPV PsV in a 
non-antigen-specific manner [syndecan-1 (abcam Cat#ab24511), hep-
aran sulfate (US Biological Life Sciences Cat#H1890), and integrin 
alpha 6 (eBioscience, eBioGoH3 Cat#14–0495-82)]. Cells were incu-
bated in the cocktail in 1× PBS for 20 min at 4 ◦C to reduce background 
binding of HPV pseudoviruses (PsV). The blocking cocktail was washed 
off with stain buffer (1× PBS with 10% FBS) and the samples were 
centrifuged at 650 ×g for 5 min. HPV-specific cells were identified using 
the fluorochrome-conjugated PsVs and a panel of antibodies (Table 1) to 
identify B cell populations of interest. The PsV and antibody cocktail was 
added to the cells and incubated at 4 ◦C for 30 min. Cells were washed 
with stain buffer and resuspended for collection. Immediately before 
sorting, the sample was filtered into a FACS tube. The sample was 
collected and sorted on a FACS Aria II (BD Biosciences) using a 70 μm 
nozzle. PsV-specific memory B cells were single cell sorted into 96-well 
culture plates containing the transduced irradiated 3T3 IL-2/IL-21/ 
CD40L cells. The gating strategy used for sorting was as follows: live, 
singlet, lymphocytes, CD3-, CD56-, CD14-,CD19+, IgD-, IgG+ or IgM+, 
HPV16 PsV+ or HPV18 PsV+. Because there are no documented cases of 
cross-reactive HPV16 and HPV18 mAbs (Bissett et al., 2014a; Bissett 
et al., 2014b), any cells that bound both PsV strains were gated out as 
non-specific binding. Culture plates containing single sorted B cells plus 
feeder cells were placed in a 37 ◦C incubator at 5% CO2 for 13 days. 
Supernatant was harvested as previously described. In the culture plates, 
supernatant was replaced with 10 μL lysis buffer [DNA Suspension 
Buffer (Teknova), 0.25% IGEPAL (Sigma-Aldrich), BSA at 1 mg/mL] for 
future sequencing. All plates were frozen immediately on dry ice and 
stored at − 80 ◦C until binding and neutralization assays were 
performed. 

2.6.4. HPV16 and HPV18 binding by Luminex 
HPV16 and HPV18 binding was determined by a Luminex-based 

assay utilizing glutathione-S-transferase (GST)-HPV L1 fusion proteins 
that were coupled with magnetic beads, as previously described (Kat-
zenellenbogen et al., 2015). In brief, GST, GST- HPV L1 (16, 18) and 
GST-Protein A (subcloned from a plasmid kindly provided by Dr. Alice 
Prince, Columbia University) fusion proteins were expressed from a 
modified pGex4T vector (Katzenellenbogen et al., 2015), and crude 
bacterial lysates prepared. Magnetic microspheres (beads) containing a 
unique combination of fluorescent dyes (Bio-Rad Laboratories, Hercu-
les, CA) were covalently coupled with glutathione-linked casein. 
Modified beads were used to purify fusion proteins from the crude ly-
sates with each bead set incubated with a different fusion protein. Beads 
were washed, mixed together and incubated with culture supernatants 
in 96-well plates (final dilution 1:10). Antibodies that bound to the 
fusion proteins were detected by incubation with biotinylated anti- 
human IgG or IgM (KPL, Gaithersburg, MD) followed by streptavidin- 
phycoerythrin (SAPE) (Invitrogen). Fluorescence was measured on a 
BioPlex 200 instrument (Bio-Rad Laboratories). The median fluorescent 
intensity (MFI) for GST was subtracted from the MFI of the other anti-
gens. GST-protein A was included to detect the presence of any IgG in 

the culture supernatants. 

2.6.5. HPV16 and HPV18 neutralization assays 
Neutralization assays for HPV16 and HPV18 utilized unconjugated 

PsV, described above, following previously established procedures 
(Scherer et al., 2014; Scherer et al., 2016; Buck et al., 2005). In brief, 
293TT cells were plated in a 96-well plate and incubated for 4 to 6 h at 
37 ◦C. The HPV PsV were incubated with diluted supernatant (1:3.2) in a 
separate 96-well plate for 1 h at RT. The PsV supernatant mixture was 
transferred to the plates containing 293TT cells and incubated at 37 ◦C 
for 68 h. Once 293TT cells are infected by the PsV, the reporter plasmid 
(pYSEAP) is expressed and alkaline phosphatase is secreted into the 
media. The alkaline phosphatase levels in the media were quantified by 
transferring cell supernatant to Immulon 2 HB plates containing AP 
substrate and read at 405 nm after a 30 min incubation. 

3. Results 

3.1. Successful lentiviral vector transduction for the generation of a stable 
3T3 IL-2/IL-21/CD40L cell line 

We generated a lentiviral vector capable of delivering a transcript 
encoding human IL-2 and IL-21, separated by T2A from a single tran-
script. This was packaged into lentiviral particles and used to transduce 
3T3 cells stably expressing CD40L (Huang et al., 2013). Transgene 
expression results in a single transcript, while the self-cleaving T2A 
peptide liberates IL-21 from IL-2 co-translationally. 3T3-CD40L cells 
were transduced with various titers of IL-2/IL-21 lentivirus and cultured 
for 5 days, after which the cell line was expanded and frozen down for 
future use. Cell culture supernatant from the transduced 3T3-CD40L 
cells was tested for IL-2 and IL-21 cytokine secretion by ELISA. IL-2 
concentrations were consistently higher than IL-21 and there was a 
clear dose-response, with cytokine levels increasing with the amount of 
lentivirus used for transduction. The concentration of secreted IL-2 and 
IL-21 plateaued with the addition of 1 μL of IL-2/IL-21 lentivirus and 
were not improved upon by the addition of more virus (Fig. 1A). 
Therefore, we proceeded to further characterize the 3T3-CD40L cell line 
transduced with 1 μL of IL-2/IL-21 lentivirus stock (3T3 IL-2/IL-21/ 
CD40L cells). 

Successful long-term use of the 3T3 IL-2/IL-21/CD40L cell line for B 
cell culture requires the stable secretion of IL-21 and IL-2, and expres-
sion of CD40L over many passages. We verified that the 3T3 IL-2/IL-21/ 
CD40L cells displayed high levels of CD40L expression after 3 and 24 
passages (approximately 2 months) post-transduction by flow cytometry 
(Fig. 1B). Non-irradiated 3T3 IL-2/IL-21/CD40L cells stained with anti- 
CD40L had close to 100% expression of the receptor. We similarly 
assessed the stability of cytokine secretion by IL-2 and IL-21 ELISA over 
the course of 8 weeks (18 passages). Both cytokines were present in the 
culture media with concentrations ranging between 250 and 780 ng/mL 
for IL-2 and between 40 and 240 ng/mL for IL-21. IL-2 secretion was 
relatively stable over 2 months of culture, whereas IL-21 expression 
gradually declined in concentration over the 18 passages (Fig. 1C). 

3.2. IL-2/IL-21/CD40L 3T3 cells produce sufficient IL-2 and IL-21 for B 
cell culture 

The stable secretion of cytokines is essential to support B cell sur-
vival, replication, and immunoglobulin production after the cells are 
irradiated. Previously irradiated and cryopreserved 3T3 IL-2/IL-21/ 
CD40L cells were thawed, resuspended at 215,000 or 430,000 cells/ 
mL and plated in 65uL per well in half-area 96-well plates. Supernatant 
was collected from 40 wells to assess IL-2 and IL-21 cytokine concen-
trations after 1 day in culture at the two plating densities, 87,500 cells 
per cm2 and 175,000 cells per cm2. The mean concentration of IL-2 
measured after 24 h of incubation when cells were plated at 87,500 
cells per cm2 was 34.27 ng/mL and did not change when the seeding 

Table 1 
Flow cytometry antibody panel.  

Antibody Manufacturer Clone 

CD38 PerCP-Cy5.5 BD Biosciences HIT2 
IgM PE-Dazzle594 BioLegend MHM-88 
CD19 PE-Cy7 BD Biosciences SJ25C1 
CD73 BV421 BD Biosciences AD2 
CD3 BV510 BD Biosciences UCHT1 
CD56 BV510 BD Biosciences NCAM16.2 
CD14 BV510 BD Biosciences MϕP9 
CD27 BV605 BD Biosciences L128 
IgD BV650 BD Biosciences IA6-2 
CD20 BV711 BD Biosciences 2H7 
IgG BV786 BD Biosciences G18-145  
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density was doubled, at 33.27 ng/mL. The mean IL-21 concentration 
measured after 1 day was 23.24 ng/mL and increased slightly when the 
seeding density was doubled to 24.96 ng/mL (Fig. 2A). We confirmed 
that seeding culture plates at 87,500 cells per cm2 provided close to 
maximum culturing support through IL-2 and IL-21 cytokine secretion 
and therefore used that seeding density for all future culturing. Using 
our novel 3T3 IL-2/IL-21/CD40L cell line, we were able to demonstrate 
simultaneous production of IL-2 and IL-21 in the 20–40 ng/mL range 
following irradiation and cryopreservation. We note that these levels are 
slightly lower than those used in established protocols where the 
exogenous addition of 50 ng/mL IL-2 and IL-21 to complete IMDM 
media was found to be sufficient to support B cell growth (Huang et al., 
2013). 

3.3. 3T3 IL-2/IL-21/CD40L cells to support memory B cell expansion and 
differentiation into antibody-secreting cells 

To demonstrate the B cell supportive capacity of the 3T3 IL-2/IL-21/ 
CD40L cell line, we single-cell sorted human IgG+ memory B cells onto 
plated 3T3 IL-2/IL-21/CD40L cells and cultured them for 13 days. We 
then performed IgG ELISAs on the culture supernatants to assess the 
proportion of B cells that survived, expanded and differentiated into 
antibody secreting cells and found that 52.41% of wells were positive for 

IgG (Fig. 2B), which is comparable to the efficiency of culturing when IL- 
2 and IL-21 are added exogenously to 50 ng/mL (Huang et al., 2013). 
The median concentration of IgG across the 304 wells with detectable 
IgG was 4.36 ng/mL. These results indicate that the irradiated 3T3 IL-2/ 
IL-21/CD40L cell line secrets IL-2 and IL-21 to sufficient levels to sup-
port IgG secretion in cultures seeded by a single B cell. 

3.4. Primary vaccine-specific memory B cells can be expanded using the 
3T3 IL-2/IL-21/CD40L feeder cells and screened for IgG and neutralizing 
activity 

To evaluate whether the feeder cells support sufficient B cell prolif-
eration and antibody secretion to perform functional screens, we eval-
uated whether antigen-specific HPV vaccine-induced memory B cells 
could be expanded and differentiated into antibody secreting cells. 
Furthermore, we evaluated whether we could identify monoclonal HPV- 
specific B cells that secrete antibodies capable of neutralizing HPV 
pseudoviruses. We evaluated HPV-specific memory B cells from a PBMC 
sample collected two weeks after the second HPV vaccination. By flow 
cytometry, HPV-specific B cells were 0.18% of IgD- B cells in this 
participant at only two weeks post-second immunization (Fig. 3A). 
Seventy-four percent of those B cells were specific for the HPV18 strain 
whereas 26% were specific for HPV16, and 48% of the HPV-specific 

Fig. 1. Characterization of IL-2/IL-21-transduced 3T3-CD40L cell line cytokine secretion and CD40L receptor expression. A) Analysis of IL-2 and IL-21 cytokine 
secretion by 3T3-CD40L cells transduced with varying amounts of IL-2/IL-21 lentivirus. Samples were measured by ELISA 5 days post-transduction. Dashed line 
indicates 1 μL, which yielded optimal cytokine secretion with the lowest amount of virus. B) CD40L expression was assessed by flow cytometry on non-irradiated 
feeder cells after 1 and 8 weeks using anti-CD154 PE. Unstained cells were used as a control. C) Concentrations of IL-2 (blue circles) and IL-21 (red triangles) over 18 
passages (~2 months) were measured in non-irradiated cells. Lines indicate the average concentration over time determined. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 2. Characterization of irradiated 3 T3 
IL-2/IL-21/CD40L cell line. A) Concentra-
tions of IL-2 (blue circles) and IL-21 (red 
triangles) secreted by irradiated feeder cells 
were measured in 96-well half-volume plates 
at 87,500 cells per cm2 (n = 20) and 175,000 
cell per cm2 (n = 20). Bars indicate the 
mean. B) Concentration of IgG in culture 
supernatant from single-cell seeded IgG+
memory B cells (n = 580) after 13 days in-
cubation and compared to wells containing 
only 3 T3 IL-2/IL-21/CD40L cells measured 
by ELISA. (For interpretation of the refer-
ences to colour in this figure legend, the 
reader is referred to the web version of this 
article.)   
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memory B cells were IgG+. The next dominant isotype (39%) was IgM, 
although they were CD27+ and IgD-, indicating an antigen-experienced 
phenotype (Fig. 3B). We single-cell sorted HPV-specific IgG+ memory B 
cells onto 96-well plates containing the irradiated 3T3 IL-2/IL-21/ 
CD40L cells. After 13 days incubation, we evaluated the supernatants 
for concentration of IgG, HPV-binding and neutralization of HPV pseu-
doviruses. Supernatant from each well was tested for binding to protein 
A as a measure of Ig secretion and to HPV16 and HPV18 L1 proteins 
using a multiplexed Luminex assay. Sixty-four percent (36/56) of wells 
with individual sorted IgG+ B cells had detectable IgG in the supernatant 
(Fig. 3C), and 36% (13/36) of monoclonal B cells with detectable IgG 
had detectable binding to HPV16 (n = 9) or HPV18 (n = 4) L1 proteins 
by Luminex (Fig. 3C), respectively. All of the HPV18-specific superna-
tants were able to neutralize HPV18, while 8 out of 9 of the HPV16- 
specific B cell supernatants were able to neutralize HPV16 (Fig. 3D). 
Thus, from the 56 HPV-specific IgG+ memory B cells sorted and 
screened, we identified 12 monoclonal HPV-specific B cells with 
neutralizing activity. 

4. Discussion 

High-throughput screening of human mAbs has facilitated the rapid 

discovery of numerous potent or broadly neutralizing antibodies against 
various viruses, including HIV, HPV, influenza, zika virus, EBV, SARS- 
CoV, SARS-CoV-2 and MERS, thus revolutionizing the infectious dis-
eases field (Rappuoli et al., 2016; Snijder et al., 2018; Robbiani et al., 
2017; Scherer et al., 2018; Scherer et al., 2014; Traggiai et al., 2004; 
Tang et al., 2014; Ju et al., 2020; Seydoux et al., 2020; Brouwer et al., 
2020; Robbiani et al., 2020; Zost et al., 2020). Many screening methods 
have been developed, but each possess some key disadvantages that 
leave room for improvement. 

The development of high-throughput culturing methods for mono-
clonal human primary B cells, enabled efficient functional screening via 
monoclonal culture supernatant before single-cell BCR sequencing and 
generation of recombinant antibodies, was a significant advancement to 
the HIV-1 field that yielded some of the most potent broadly neutralizing 
antibodies (Huang et al., 2013; Walker et al., 2009; Walker et al., 2011; 
Huang et al., 2012). Yet, this is an expensive and labor-intensive 
approach that can be cost-prohibitive. The generation of the 3T3 IL-2/ 
IL-21/CD40L cell line described here allows marked improvement in 
affordable discovery of novel mAbs by reducing requirements for costly 
reagents and allowing for the selective sequencing of cells with desired 
phenotypic profiles. 

In this report, we have detailed the production and characterization 

Fig. 3. Analysis of HPV-specific memory B cell sorts and culture supernatant screening. HPV18 and HPV16-specific memory B cells were single cell sorted into 
culture plates prepared with irradiated transduced 3T3 IL-2/IL-21/CD40L cells. Cells were cultured for 13 days and supernatants were harvested and screened for 
binding and neutralization to HPV pseudoviruses. A) PBMCs from 2 weeks following a second nHPV vaccination stained with a panel of antibodies and gated on 
HPV16 or HPV18-specific IgD− memory B cells. B) HPV18 and HPV16-specific memory B cells overlaid on total IgD− B cells showing the isotype distribution. 
Supernatants harvested from a plate of 56 cultured B cells were tested for binding and neutralization. C) Supernatants harvested from a plate of 56 cultured B cells 
were tested for binding to HPV16 and HPV18 L1 using a Luminex-based assay. Median Fluorescence Intensity (MFI) is representative of the amount of antibody 
bound to the beads. Dotted line indicates the positivity threshold for IgG (500) and dashed line indicates positivity threshold for HPV18/16 (200). D) Culture su-
pernatants that showed binding to HPV18 or HPV16 L1 proteins were tested for neutralization of HPV16 and HPV18 pseudoviruses. Lines indicate the median 
percent neutralization. 
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of the 3T3 IL-2/IL-21/CD40L cell line. We further demonstrate its utility 
in allowing the efficient detection and characterization of secreted an-
tibodies. The 3T3 IL-2/IL-21/CD40L cells maintained stable surface 
expression of CD40L and secretion of IL-2 and IL-21 over extended 
passages in culture. In addition, when irradiated, cryopreserved and 
then thawed for use in co-culturing primary B cells, 3T3 IL-2/IL-21/ 
CD40L cells quickly recovered and secreted IL-2 and IL-21. Impor-
tantly, when these irradiated 3T3 IL-2/IL-21/CD40L cells were co- 
cultured with primary memory B cells the overall efficiency of suc-
cessful B cell expansion and detection of secreted antibodies (52–64%) 
was in line with previous reports (Huang et al., 2013), demonstrating 
that cytokines secreted by the cell line were functionally equivalent to 
the recombinant cytokines added exogenously in previous studies. 

We note that the levels of IL-21 secreted by our 3T3 IL-2/IL-21/ 
CD40L cell line have been previously demonstrated to induce class 
switching in naïve B cell cells that are co-stimulated by CD40L (Pène 
et al., 2004; Avery et al., 2008; Cohen et al., 2014). Although we focused 
our efforts on sorting IgG+ B cells in this study, it is possible that the 
culture conditions could induce class-switching. If this were the case, the 
flow cytometry panel could be designed to interrogate the initial anti-
body isotype and/or subclass of the sorted B cells. 

We have demonstrated our application of this method for the dis-
covery of vaccine-induced monoclonal antibodies that bind and 
neutralize HPV viruses 16 and 18. Approximately 12% of the sorted 
HPV-specific IgG+ memory B cells gave rise to cultures that displayed 
neutralizing activity following 2 weeks of culture. Among the cultures 
that showed specific binding to HPV16 or HPV18 L1 proteins, 92% were 
neutralizing. This is within the expected range of neutralizing antibodies 
identified using B cell sorting approaches followed by direct B cell 
sequencing and recombinant mAb reconstruction, which range from 
~25–100%, depending on the donor and time of B cell isolation 
following vaccination (Scherer et al., 2014; Scherer et al., 2018). In 
brief, we believe that this technology marks an advancement for the 
field for isolation of mAbs and interrogation of human B cell responses to 
infectious diseases and related vaccines. 
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