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ABSTRACT

Antibody (Ab) repertoire sequencing 

using high-throughput massively 

parallel technologies has contributed 

substantially to the understanding 

of Ab responses following infection, 

vaccination and autoimmunity. 

Because individual B-cell receptors 

are recombined and diversified 

somatically, genomic comparisons 

are limited, and distinguishing rare 

variants from sequencing errors is 

a major challenge. Oxford Nanopore 

Technologies’ MinION is a highly 

portable and cost-effective third-

generation sequencing instrument, 

but has not been used for Ab reper-

toire sequencing due to its high error 

rate (approximately 1/10 bases). Here, 

we applied nanopore sequencing to 

single-domain Ab (sdAb) repertoires 

and phage-displayed sdAb libraries. 

We show that despite low overall 

data idelity, sdAb sequences could 
be reconstructed above a frequency 

threshold (∼100 copies); however, 

distinguishing clonal sdAb variants 

was not always possible. The data 

quality was suicient to enable rapid 
identiication of antigen-speciic sdAb 
sequences enriched during panning 

of phage display libraries, obviating 

the need for screening single clones.

METHOD SUMMARY

We demonstrate that Oxford Nanopore 

Technologies’ MinION instrument can be used 

to sequence single-domain antibody (sdAb) 

repertoires of limited diversity, and that the 

resulting data quality is suicient to enable 
sdAb discovery from phage display libraries. 

The method relies on (i) minimizing error by 

limiting the unit of analysis to the sdAb CDR3, 

and (ii) taking the consensus after aligning all 

full-length sdAb sequences associated with 

each CDR3 clonotype.

INTRODUCTION
Antibodies (Abs) and their cell-surface 

counterparts, the B-cell receptors (BCRs) are 

critical mediators of humoral adaptive 

immunity. The development and commer-

cialization of massively parallel high-

throughput DNA sequencing technologies 

starting in the mid-2000s dramatically accel-

erated studies of adaptive immune reper-

toires and their involvement in infectious 

diseases, cancer and autoimmunity [1]. In 

the early days of Ab repertoire sequencing, 

454 pyrosequencing was the platform of 

choice due to its longer read lengths 

(400–500 bp, suicient to span the entire 
length of a rearranged variable domain 

exon). Subsequently, improvements in 

sequencing chemistry led to the increased 

read lengths of the Illumina and Ion Torrent 

platforms, enabling single or merged paired-

end reads to cover a complete variable 

domain exon at lower cost. Since each BCR 

is rearranged somatically during B-cell devel-

opment, distinguishing rare variants from 

sequencing errors is a major challenge for 

which a variety of tools have been 

developed [2].

Oxford Nanopore Technologies’ MinION 

is a highly portable and cost-effective 

third-generation sequencing instrument, 

but has not been used for Ab repertoire 

sequencing due to its high error rate 

(approximately 10% for single reads). The 

single-read error rate can be mitigated by 

sequencing the complementary strands of 

a double-stranded DNA molecule individ-

ually and taking the consensus (so-called 

‘2D’ and ‘1D2’ sequencing). Nanopore 

sequencing has been applied to genomic [3], 

meta genomic [4], transcriptomic [5] and HLA 

typing [6] investigations. Here, we applied it 

to sequencing of single-domain Ab (sdAb) 

repertoires and phage-displayed libraries 

thereof, theorizing that the small size of the 

rearranged V
H
H exon (∼300–400 bp, with 

sequence diversity concentrated in only 

three complementarity-determining regions 

[CDRs]) and the absence of heavy:light 

chain pairing would suiciently reduce the 
complexity of the analysis so as to permit 

identiication of sdAb sequences.
We first conducted a preliminary 

assessment of the data quality derived from 

nanopore sequencing of a phage-displayed 

V
H
H library prepared from the lympho-

cytes of llamas (Lama glama) immunized 

with human CD73 (Cat. No. 10904-H08H; 

Sino Biological, Beijing, China) and human 

HER2 (Cat. No. HE2-H5225; ACROBio-

systems, Beijing, China) as described 

previously [7,8]. All animal procedures 

were conducted using protocols approved 

by the National Research Council Canada 

Animal Care Committee and in accordance 

with the guidelines set out in the OMAFRA 

Animals for Research Act, R.S.O. 1990, c. 

A.22. Briely, phagemid DNA was extracted 
from library-containing Escherichia coli 

TG1 cells using a QIAprep® Spin Miniprep 

Kit (QIAGEN, CA, USA) and PCR-ampliied 
using primers MJ7 and MJ8 (Table 1) as 

previously described [8,9]. The resulting 

amplicon was puriied using a PureLink® 

PCR Puriication Kit (Life Technologies, CA, 
USA), 3′ dA-tailed using the NEBNext® Ultra™ 

End Repair/dA-Tailing Module (New England 

Biolabs, MA, USA), ligated to the Nanopore 

sequencing adaptors supplied in the 

Ligation Sequencing Kit 1D (SQK-LSK108; 

Oxford Nanopore Technologies, Oxford, 

UK) using Blunt/TA Ligase Master Mix 

(New England Biolabs), and puriied by 
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solid-phase reversible i mmobilization 

using AMPure XP beads (Beckman Coulter, 

CA, USA). Approximately 500 ng of DNA 

was mixed with library loading beads 

and sequenced on a MinION instrument 

(Oxford Nanopore Technologies) using 

the 48-h sequencing script in MinKNOW 

v1.13.1, yielding a total of 1,550,579 

basecalled reads. Sequence quality was 

assessed using FastQC [10] and showed 

a relatively uniform distribution of quality 

scores across reads (Figure 1A–C). We 

tested the effect of iltering the data using 
the FASTX toolkit [11]; as expected, based 

on the quality scores, iltering stringency 

had only a minor impact on the proportion 

of functional, in-frame sdAb sequences 

identiied by IMGT/HighV-QUEST [12] after 
alignment to alpaca germline IGHV, IGHD 

and IGHJ genes and removal of insertions 

and deletions (Figure 1D–F).

Next, we panned the phage-displayed 

V
H
H libraries for four rounds against CD73 

and HER2 directly adsorbed in wells of 

microtiter plates and eluted the bound 

sdAb-phage using triethylamine as previ-

ously described [7,8]. Library phage and 

phage particles eluted from each round 

of panning were used as PCR templates 

to amplify rearranged V
H
H genes using 

primers nano-MJ7 and nano-MJ8 (Table 1), 

as previously described [8,9]. The resulting 

amplicons were puriied using a PureLink® 

PCR Puriication Kit and 30 ng was used 
as template for a second PCR in which 

each sample was barcoded with primers 

LWB01–LWB10 from the Low Input by 

PCR Barcoding Kit (SQK-LWB001; Oxford 

Nanopore Technologies). The amplicons 

were pooled and puriied using a QIAquick® 

Gel Extraction Kit (QIAGEN) followed by 

solid-phase reversible immobilization using 

AMPure XP beads. Approximately 100 fmol 

of the pooled DNA was ligated with 1 μl of 

rapid 1D sequencing adaptor in 10 μl 

Benchmark

Table 1. Oligonucleotide primers used in this study.

Primer Sequence (5′-3′) Speciicity
MJ7 GCCCAGCCGGCCATGGCC pMED1 phagemid pelB leader

MJ8 TGAGGAGACGGTGACCTGG V
H
H FR4

nano-MJ7 TTTCTGTTGGTGCTGATATTGCNNNNNGCCCAGCCGGCCATGGCC pMED1 phagemid pelB leader

nano-MJ8 ACTTGCCTGTCGCTCTATCTTCNNNNNTGAGGAGACGGTGACCTGG V
H
H FR4

 

A B C

D E F

Figure 1. Quality metrics for Oxford Nanopore sequencing of single-domain antibody repertoires and phage-displayed libraries. (A) Read length distri-

bution, (B) mean per-read quality score and (C) distribution of quality scores according to read position. In the boxplot in C, black lines represent 

medians, the box shows the lower and upper boundaries of the irst and third quartiles, respectively, the whiskers represent the 10th and 90th percen-

tiles of the data, and the red line shows the mean quality score. Analyses in A–C were conducted using FastQC [10]. (D) Output after quality iltering with 
the FASTX toolkit [11] using various stringencies. (E) Frequency of single-domain antibody sequences lacking stop codons and (F) functional annotation 
using IMGT/HighV-QUEST [12] after iltering.



| No. 6 | Vol. 65 |  |2018 www.BioTechniques.com353

of 10 mM Tris-HCl, pH 8.0, containing 

50 mM NaCl for 5 min at room temperature 

and sequenced on the MinION instrument 

as described above, yielding a total of 

1,225,772 basecalled reads. The run data 

were demultiplexed using EPI2ME v2.52, 

aligned without quality iltering with alpaca 
germline IGHV, IGHD and IGHJ genes using 

IMGT/HighV-QUEST, and the resulting 

tabular output was analyzed using R v3.4.3. 

Between 75 and 80% of sequences were 

eliminated from the analysis because the 

sdAb CDR3 was either not detected or was 

shorter than three residues (Supplementary 

material). We then identiied potential sdAb 
CDR3s (‘clonotypes’) of interest using the 

following criteria: (i) among the ten highest-

frequency clonotypes in either of rounds 

three or four of panning; (ii) among the ten 

most highly enriched clonotypes in either of 

rounds three or four of panning with respect 

to the library; and (iii) free of stop codons. 

Applying these criteria yielded 16 unique 

clonotypes of interest for CD73 and ten for 

HER2 (Table 2). Enrichment of these clono-

types over the course of panning is depicted 

in Figure 2. 

Finally, we collected all copies of 

the full-length sdAb coding sequences 

(gapped according to IMGT numbering) 

corresponding to each clonotype from 

the original library and all four rounds of 

panning. The full-length sequences were 

aligned with Clustal Omega [13] using 

default parameters (Figure 3A) and the 

consensus was determined with the 

Bio3d package [14] using a cutoff of 0.3 

(30% sequence identity threshold). We 

assessed the presence of somatic clonal 

variation by: (i) examining the alignment 

for positions where the consensus was 

  Table 2. Putative CD73- and HER2-speciic single-domain antibody clonotypes identiied by nanopore 
s equencing.

Clonotype Frequency (%) Enrichment (fold) No. of sequences Outcome

  Round 3 Round 4 Round 3 Round 4    
CD73–1 0.36 0.30 111 93 448 Multiple clonal variants

CD73–2 0.20 0.16   257 Multiple clonal variants

CD73–3 0.09 0.15   166 Out of frame

CD73–4 0.08 0.08 25 24 118 Multiple clonal variants

CD73–5 0.06 0.04 19 14 69 Multiple clonal variants

CD73–6 0.03 0.03 11 10 47 Out of frame

CD73–7 0.23 0.45 73 141 452 Synthesized and expressed

CD73–8 0.14 0.19   211 Out of frame

CD73–9 0.07 0.14   133 Multiple clonal variants

CD73–10 0.07 0.07 20 23 91 Synthesized and expressed

CD73–11 0.49 0.04 15 13 63 No consensus

CD73–12 0.22 0.24   309 Multiple clonal variants

CD73–13 0.10 0.08   104 Out of frame

CD73–14 0.06 0.09   100 Synthesized and expressed

CD73–15 0.06 0.06 19 17 78 Out of frame

CD73–16 0.04 0.04 13 12 53 Out of frame

HER2–1 3.5 2.6 76 56 2,784 Synthesized and expressed

HER2–2 2.3 1.6 50 34 1,651 Out of frame

HER2–3 1.1 1.9   898 Synthesized and expressed

HER2–4 1.0 0.5   650 Out of frame

HER2–5 0.67 1.0   477 Multiple clonal variants

HER2–6 0.57 0.76   381 Out of frame

HER2–7 0.46 0.65   329 Out of frame

HER2–8 0.40 0.37   371 Synthesized and expressed

HER2–9 0.34 0.43   335 Out of frame

HER2–10 0.230 0.44   213 Out of frame
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dramatically lower (Figure 3A), (ii) deter-

mining whether  single (Figure 3B & C) or 

multiple (Figure 3D & E) unique CDR1 and 

CDR2 sequences were associated with 

each CDR3; and (iii) visual inspection of 

the alignment. Only clonotypes for which 

alignments showed strong consensus 

throughout and in which singular unique 

CDR1 and CDR2 sequences could be 

associated with the index CDR3 sequences 

were carried forward. A signiicant number 
of enriched clonotypes represented sdAb 

sequences that were frameshifted in CDR3 

and could not be corrected by IMGT (6/16 

for CD73 and 6/10 for HER2; Table 2); many 

of these represented frameshifted variants 

of in-frame enriched clonotypes (data 

not shown). For clonotypes comprising 

multiple clonal lineages (as indicated by 

low alignment consensus and the presence 

of multiple common CDR1/2 sequences; 

6/16 for CD73 and 1/10 for HER2), variants 

could not be consistently distinguished 

from one another (e.g., using clustering 

algorithms). For one clonotype (CD73–

11), we could not conidently determine a 
consensus sequence based on alignment 

of only 63 full-length sequences. However, 

three putative anti-CD73 sdAbs (CD73–7, 

CD73–10 and CD73–14) and three putative 

anti-HER2 sdAbs (HER2–1, HER2–3 and 

HER2–8) showed strong consensus 

sequences and no evidence of clonality; 

genes encoding these sdAbs were synthe-

sized, cloned into the expression vector 

pSJF2H and expressed in E. coli as previ-

ously described [7,8]. All six of the sdAbs 

bound their cognate antigens with low 

nanomolar ainities (Figure 3F & G).
In summary, we showed here that 

Oxford Nanopore sequencing can be 

used to correctly identify antigen-speciic 
sdAb sequences derived from panning 

of phage-displayed V
H
H libraries by 

tracking enrichment of CDR3 sequences 

and then aligning full-length sdAb coding 

sequences associated with each CDR3. 

Although we panned the phage-displayed 

V
H
H libraries for four rounds in this study 

to ensure that the sequenced material was 

primarily composed of antigen-speciic 
V

H
Hs, this turned out not to be necessary, 

as enrichment of antigen-speciic V
H
Hs 

primarily occurred during the first two 

rounds of panning (Figure 2). However, 

minimizing the number of panning rounds 

would also restrict the available criteria 

for identifying lead antigen-speciic sdAb 
clonotypes (e.g., to abundance after two 

rounds of panning and enrichment during 

the irst and second round of panning), and 
the impact this might have on recovery of 

antigen-speciic sdAbs is unclear. We used 
this strategy to identify three high-ainity 
sdAbs against each of two model antigens 

(CD73 and HER2). This method is currently 

limited to identiication of sdAb sequences 
that are not members of extended clonal 

lineages, and requires a minimum of 

approximately 100 sequences to produce 

alignments of reasonable quality (Figure 4). 

Nonetheless, we note that: (i) separation of 

somatic variants by clustering was partially 

successful for larger V
H
H families, and 

thus simply increasing throughput repre-

sents a viable strategy for delineation of 

such sequences; and (ii) in V
H
H lineages 

comprising limited clonal variation but 

with high coverage, many polymorphisms 

were identiiable by visual inspection (and/
or by matching high-frequency CDR1 and 

CDR2 sequences). We have ignored these 

possibilities here as they are unlikely to 

represent general solutions to sdAb 

A

B

Figure 2. Enrichment of putative antigen-speciic single-domain antibody CDR3 clonotypes over the course of four rounds of panning against CD73 
(A) and HER2 (B). The most frequent 1000 unique CDR3 sequences are shown for each dataset, with lead clonotypes listed in Table 3 colored in green 
(CD73) and red (HER2). The size of each square is proportional to the clonotype’s frequency. Figure created using R package ‘treemap’. 

CDR: Complementarity determining region.
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identification. However, using these 

strategies, we were able to identify several 

additional unique antigen-speciic sdAbs 
derived from clonotypes comprising 

multiple clonal lineages and subsequently 

conirmed them at the single-clone level 
using conventional Sanger sequencing 

(Supplementary material). Thus, the overall 

yield of sdAbs recovered using nanopore 

sequencing here (∼5–10) was similar to that 

of conventional screens performed in our 

lab involving ∼50–100 single clones, but 

unlikely to accomplish the ultra-deep reper-

toire proiling accomplished using other 
sequencing platforms [15,16]. However, we 

note that the results shown here represent 

the worst-case scenario, and we anticipate 

that sequence quality could be substan-

tially improved using 2D or 1D2 reads to 

achieve Illumina MiSeq-like data at much 

lower cost. 
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Figure 3. Identiication of full-length single-domain antibody sequences by alignment consensus. (A) An example alignment of full-length single-domain 
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clonotype (HER2–5) comprising multiple somatic variants. (F) Binding of recombinant V
H
Hs CD73–10 and (G) HER2–3 to their cognate antigens using surface 

plasmon resonance. Each antigen (713–1345 RUs) was immobilized on a sensor chip CM5 or a CM5 Series 5 sensor chip (GE Healthcare, NJ, USA) by amine 

coupling, and the relevant V
H
H was lowed over the surface at concentrations ranging from 12.5 to 200 nM (CD73–10) and 0.25 to 25 nM (HER2–3). Data for 

CD73–10 and HER2–3 V
H
Hs were collected on a Biacore T200 instrument (GE Healthcare) and a Biacore 3000 instrument (GE Healthcare), respectively, and 

analyzed using BIAevaluation 4.1 software. Single-cycle kinetic analysis (for CD73–10) and multi-cycle kinetic analysis (for HER2–3) revealed K
D
s of 15 nM 

and 1.4 nM, respectively. The ainities of V
H
Hs CD73–7 (0.6 nM), CD73–14 (35 nM), HER2–1 (6 nM) and HER2–8 (10 nM) were determined in the same manner. 

CDR: Complementarity determining region; RU: Response unit.
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A B

Figure 4. Dependence of alignment quality on sequence coverage. (A) Distribution of median alignment quality score (BLOSUM62) across all positions 
in the full-length sequences of the clonotypes shown in Table 3. Error bars represent 95% conidence intervals. (B) Number of ambiguous positions 
falling below 30% consensus (sequence identity). Red circles indicate clonotypes comprising multiple somatic variants, and in these cases low 
consensus was due to polymorphism rather than poor alignment quality.
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