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High throughput long-read
sequencing of circulating
lymphocytes of the
evolutionarily distant sea
lamprey reveals diversity and
common elements of the
variable lymphocyte receptor B
(VLRB) repertoire
Amin Zia1, Ariel Orozco2, Irene S. Y. Fang2, Aspen M. Tang2,
Ana Sofia Mendoza Viruega2, Shilan Dong2, Leslie Y. T. Leung2,
Vijaya M. Devraj2, Opeyemi E. Oludada2

and Götz R. A. Ehrhardt2*

1dYcode, Toronto, ON, Canada, 2Department of Immunology, University of Toronto, Toronto,
ON, Canada
The leucine-rich repeat-based variable lymphocyte receptor B (VLRB) antibody

system of jawless vertebrates is capable of generating an antibody repertoire

equal to or exceeding the diversity of antibody repertoires of jawed vertebrates.

Unlike immunoglobulin-based immune repertoires, the VLRB repertoire diversity

is characterized by variable lengths of VLRB encoding transcripts, rendering

conventional immunoreceptor repertoire sequencing approaches unsuitable for

VLRB repertoire sequencing. Here we demonstrate that long-read single-

molecule real-time (SMRT) sequencing (PacBio) approaches permit the

efficient large-scale assessment of the VLRB repertoire. We present a

computational pipeline for sequence data processing and provide the first

repertoire-based analysis of VLRB protein characteristics including properties

of its subunits and regions of diversity within each structural leucine-rich repeat

subunit. Our study provides a template to explore changes in the VLRB repertoire

during immune responses and to establish large scale VLRB repertoire databases

for computational approaches aimed at isolating monoclonal VLRB reagents for

biomedical research and clinical applications.
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Introduction

Antibodies are instrumental in providing long lasting humoral

protection to pathogenic challenges, both in the context of natural

infection and vaccination. The vast immunoglobulin-based

antibody repertoire is generated by combinatorial diversity of the

variable (V), diversity (D), and joining (J) gene segments and V, J

gene segments of the heavy and light chain gene loci, respectively (1,

2). This repertoire can be further diversified by the incorporation of

somatic mutations during affinity maturation, a process occurring

in the specialized microenvironment of germinal centers (GC) that

leads to the generation of high affinity antibodies (3). While the

amplification of heavy and light chain gene sequences by PCR from

individual cells provided a wealth of information on antibody

characteristics for specific antigens response (4–9), only large-

scale immune receptor sequencing studies, either on bulk

populations or on single cell level, provided insights into the

complexity of B cell responses, differences of antigen receptors

encoded by distinct B cell subpopulations in circulating and tissue-

bound cells, and the clonal relationships of B lineage cells during the

course of an immune response (10–13). Extensive antigen receptor

sequence databases also form the backbone for machine learning

strategies geared towards in silico generation of monoclonal

antibodies with defined antigen binding characteristics (14–16).

Unlike conventional antibodies which are based on the

immunoglobulin fold, the non-conventional variable lymphocyte

receptor (VLR) antibody system of the evolutionarily distant jawless

vertebrates utilizes the b-sheet forming leucine-rich repeat (LRR) as

basic structural unit (17, 18). The last common ancestor of jawless

and jawed vertebrates occurred approximately 500 million years ago

with lampreys and hagfish being the only extant members of this

group. Studies of the adaptive immune system of jawless vertebrates

that followed the initial discovery of the somatically diversifying

VLR antibody system (17) revealed numerous remarkably
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conserved features alongside the structurally distinct antigen

receptors (19). Three VLR genes, VLRA, VLRB, and VLRC, have

been identified which are expressed in a mutually exclusive pattern

of expression on cells with gene signatures resembling those of

mammalian ab T cells, B cells, and gd T cells, respectively, but only

VLRB molecules are expressed on the cell surface and are secreted

as disulfide-linked multimers (20–22). In addition, a recent study

identified VLRD and VLRE somatically diversifying receptor

systems that are phylogenetically related to the VLRA and VLRC

genes (23). The potential VLRB repertoire is predicted to exceed

1014 clonotypes. A single incomplete VLRB gene is flanked by

numerous diverse LRR cassette sequences and a gene conversion-

like mechanism leads to the generation of a mature VLRB gene

consisting of a signal peptide (SP), capping N-terminal LRR, a

conserved LRR1, up to 9 variable LRRv cassettes, connecting

peptide (CP), capping C-terminal LRR and an invariable stalk

region containing multiple C-terminal cysteine residues involved

in the formation of disulfide-linked, soluble decamers (Figure 1)

(24, 25). In contrast to the idiotype of conventional antibodies

which is formed by residues encoded by matching heavy and light

chain subunits, secreted VLRB antibodies are generated by iteration

of a single VLRB polypeptide (20). Exceptions to the requirement of

matching heavy and light chain sequences are represented by single

chain antibodies found in camelids and cartilaginous fish (26).

Structural analyses of monoclonal VLRB antibodies in complex

with protein or carbohydrate antigens revealed stark differences in

VLRB antibody-antigen binding between VLRB antibodies and

conventional antibodies. VLRB antibodies assume a solenoid

shape with antigen-interacting residues positioned in the inner

concave surface and in a variable, flexible loop structure

protruding from the capping C-terminal LRR (27, 28). The

unique structural characteristics of VLRB antibodies prompted

the exploration of their suitability as novel biomarker discovery

reagents and resulted in the isolation of monoclonal VLRB
A

B

FIGURE 1

Structural components of VLRB antibodies. (A) Structural elements of a mature VLRB coding sequences composed of signal peptide (SP), capping N-
terminal LRR (LRR-NT), LRR1, 0-9 variable LRRv, a single LRRve module, connecting peptide (CP), capping C-terminal LRR (LRR-CT) and invariant
stalk region. Approximate positions of oligonucleotides for the reverse transcription reaction (black arrowhead) and cDNA amplification (red
arrowheads) are indicated. (B) Protein sequence of a representative VLRB molecule with 2 LRRv units. Sequences within the LRR-CT corresponding
to the core loop and extended loop are indicated by brackets. Conserved tryptophan (in -4 position of the N-terminus of the core loop) and
cysteine (in +3 position of the C-terminus of the core loop) residues defining the extended loop are indicated by red frames.
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antibodies with unique recognition of memory B cells, plasma cells,

blood-brain barrier epithelia, or sulfated carbohydrate antigens

(29–33).

In contrast to conventional antibodies where diversification

mechanisms occur without extensive changes affecting overall

length of the heavy and light chain coding sequences, a key factor

contributing to VLR antibody diversity is the number of distinct

LRRv segments incorporated into the mature protein, each of which

is typically encoded by a 24-amino acid (aa)/72-nucleotide (nt)

cassette. The resulting size diversity of VLRB encoding sequences

makes standard low-throughput approaches, such as single-cell

Sanger sequencing, of immune receptor sequencing approaches

unsuitable for repertoire analyses of jawless vertebrates. In this

study, we explored the feasibility of high-throughput sequence

analysis of the sea lamprey VLRB immune repertoire. We present

a protocol for the use of PacBio sequencing and characterization of

mature full-length VLRB antibodies and provide insights into

previously unrecognized characteristics of VLRB antibodies

encoded by circulating sea lamprey larvae lymphocytes.
Materials and methods

Sea lamprey larvae lymphocyte isolation
and RNA extraction

Sea lamprey (Petromyzon marinus) larvae 10-12 cm in length

and approximately 2-4 years of age were obtained from the United

States Geological Survey (Great Lakes Science Center, Millersburg,

MI). Six animals were humanely euthanized by immersion in MS-

222 (Sigma-Aldrich, St. Louis, MO) and circulating lamprey

lymphocytes were purified by density gradient centrifugation

using 50% Percoll. Lamprey lymphocytes retained at the

interphase of the Percoll layer were collected, washed twice with

0.66 x PBS and subjected to total RNA purification using RNeasy

spin columns (Qiagen, Hilden, Germany). Sea lamprey experiments

were approved by the animal care committee of the University

of Toronto.
Amplification of VLRB sequences and
library generation

1st strand cDNA reactions were performed on 750 ng of total

RNA separately from each animal using the Superscript IV reverse

transcriptase (Invitrogen, Waltham, MA). The oligonucleotide

used for reverse transcription (5’ – TATTTCCAGCACAC

TGGATCAGNNNNNNNNNNNNTCAACGTTTCCTGCA

GAGGGCG – 3’) contained sequences specifically annealing in the

invariant stalk region of VLRB transcripts (shown in bold)

(Figure 1A), a 12 nt unique molecular identifier (UMI, indicated

by N) and the annealing sequence for the PCR antisense

oligonucleotide (underlined). Each cDNA reaction was split into

8 aliquots for subsequent library amplification using KOD Hotstart

DNA Polymerase (Millipore-Sigma, Burlington, MA) for 25 cycles
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at 57°C. Forward (5’ – TATNNNNNNgtggatcaagtggatcgc – 3’) and

reverse (5’ – TATNNNNNNCCAGCACACTGGATCAG – 3’)

oligonucleotides for PCR amplification contained sequences

specific for the invariant SP of VLRB and the reverse

transcription oligonucleotide, respectively, as well as a 6 nt

sample identifier (indicated by N). The aliquots from each library

were pooled, purified using NucleoSpin gel and PCR clean-up

columns (Machery-Nagel, Düren, Germany) and amplicon

quality was verified by DNA gel electrophoresis (Supplementary

Figure 1). The independently generated libraries without shearing

and size selection were pooled and loaded to a single PacBio 8M

Sequel-II SMRT cell. PacBio sequencing was performed by the

Centre for Applied Genomics, The Hospital for Sick Children,

Toronto, ON, Canada. Data for the sequenced samples were

deposited at the Sequence Read Archive (SRA) with accession

number SRR29656293.
Sequence data processing

Raw sequencing data was processed by PacBio’s on-instrument

Circular Consensus Sequencing (CCS) workflow, resulting in

3,199,280 (53.2%) HiFi reads with quality value (QV ≥ 20) and

2,818,567 (46.8%) non-HiFi sequencing reads. Only HiFi reads were

included in this study. The CCS workflow generates the HiFi reads

with 99.9% accuracy (34). A graphic flow chart delineating the

sequence data processing steps and statistics of recovered data in

each step are shown in Figure 2. Initially, the read DNA sequences

were trimmed using the PCR primer sets selected to generate the

amplicons and were demultiplexed for each individual sea larva

sample by using the 6nt sample-specific barcodes, resulting in a

total of 2,850,500 DNA sequences. DNA sequences lacking perfect

PCR primers or sample-specific barcodes were discarded. For each

individual animal sample set, the 12-bp UMIs were binned and

reads with identical UMIs and VLR DNA sequences with ≥ 99%

nucleotide identity were clustered and collapsed using USEARCH

(35) to remove PCR amplification bias and errors. The collapsed

DNA sequences represent UMI-barcoded RNA molecules that

accumulated PCR mutations fewer than 1% of VLR length during

amplification and sequencing. DNA sequences with identical UMI

and more than 1% VLRB nucleotide variation were discarded at this

stage, resulting in a total of 2,065,676 DNA sequences. Next,

identical VLR DNA sequences with different UMIs within one nt

(out of 12 nt total UMI length), were identified and removed from

dataset since these UMIs (15,421) most likely accumulated a single

erroneous mutation during PCR amplification. Finally, the

oligonucleotide primers and UMI sequences were removed from

reads, resulting in 1,874,840 DNA sequences, each of which

correspond to a single RNA sequence in the primary library.

The nucleotide DNA sequences were translated into amino acid

residues starting at the N-terminus, and sequences with a premature

stop codon were removed from analysis (68,994). Next, protein

sequences that did not carry or were within 3 or more residue

differences of the invariant VLRB C-terminal stalk region with

motif “DCGKPACTTLLNCANFLSCLCSTCALCRKR” were
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removed from further analysis. This resulted in a total of 1,221,326

protein sequences. Lastly, for each animal sample dataset, all

identical protein sequences (with an average 2.87 +/-0.96 SD

identical protein sequences per sample) were collapsed, resulting

in a total of 529,812 unique VLRB protein sequences, which were

used for further analysis.
LRR1 subunit detection

The LRR1 subunit consists of 5 conserved amino acid residues

with the motif “xLxLxxNxxxxLxxxxFx”. We used a 30-residue

sliding window to scan VLRs from the end of SP to the CP, and

at each step, we aligned the 24 aa resulting peptide with the LRR1

motif using ClustalW (36). We detected LRR1 if the alignment did

not result in identical residues with the 5 conserved aa in the motif

or the alignment results in more than 6 gaps in the motif. Protein

sequences in which no LRR1 was detected were discarded, resulting

in a total of 507,227 VLR protein sequences.
Frontiers in Immunology 04
LRRV subunit detection

Once LRR1 subunit were detected, we scanned the VLR from

the end of LRR1 to CP and searched for any peptide sequence with

minimum length of 15 aa that aligned with the LRRv motif

“xLxxLxxLxLx” requiring an exact match with conserved leucine

residues in the motif and a maximum of 10 alignment gaps with the

motif. Protein sequences with no detected LRRV were discarded,

resulting in a total of 507, 102 VLR protein sequences.
LRR-CT loop detection

The protein sequence region between CP to stalk of each VLR

were aligned to a randomly selected set of 50 VLRs that were used as

template, and loops were identified as the stretch of amino acid

residues starting at position +4 of the upstream conserved W and

ended at the position -3 of the downstream conserved C (Wxxx-

loop-xxC). Here, we refer to the loop and the 7 aa flanking residues
A

B

FIGURE 2

Workflow for VLRB library analysis. (A) Sequences from each of the generated libraries were analyzed separately. Numbers in brackets indicate the
VLRB sequences remaining after each analysis step (combined libraries). (*) Identical sequences were collapsed independently for each larva dataset.
(B) Stepwise reduction of VLRB sequences during sequence analysis for each individual larva dataset. Listed steps correspond to numbers in brackets
in (A) and are shown for those that result in exclusion of VLRB sequences. Steps 8a and 8b indicate premature stop codons and absence of stalk
sequences, respectively. Steps 10a and 10b indicate absence of LRR1 and absence of LRRV modules, respectively. Steps 12a-f indicate removal of
VLRB sequences with LRRv modules different from 24 aa length, LRR1 modules different from 18 aa length, LRR-NT modules different from 31 aa
length, stalk region different from 87 aa length, SP different from 21 aa length and CP different from 11 aa length, respectively.
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as extended loop and to the loop without the 7 aa flanking residues

as core loop. Protein sequences without a detected loop were

removed from the analysis, resulting in a total of 505,538 VLR

protein sequences.
Filtering of erroneous sequences

Analysis of VLRB subunits revealed a small number of

sequences with inconsistent subunit length. We therefore

sequentially removed 26,222 sequences with LRRv length other

than 24 aa, 16,796 sequences with LRR1 length other than 18 aa,

46,485 sequences with LRR-NT module length other than 31 aa,

1,134 sequences with stalk length other than 87 aa, 133 sequences

with SP length other than 21 aa, and 806 sequences with CP length

other than 11 aa from the final datasets. This resulted in a combined

413,962 VLR sequences from six animals.
Clustering analysis and Amino-acid
properties determination

Clustering analysis were performed using a locally installed

version of CDHIT (V4.8.1) (37, 38) with default parameters and

with selected similarity thresholds. The CDHIT outputs were

parsed and analyzed using customized scripts. The cumulative

distribution function of cluster sizes was used as surrogate

measure to compare diversity of sequences. Alikazam (39) was

used to compute amino acid properties of protein sequences.
Results

Sea lamprey larvae display a highly diverse
VLRB repertoire among
circulating lymphocytes

We explored the extended length of sequencing reads provided

by the PacBio sequencing platform to assess the complexity of the

VLRB antibody repertoire of jawless sea lamprey larvae. Total RNA

obtained from circulating lymphocytes of six sea lamprey larvae was

reverse transcribed and amplified using VLRB-specific

oligonucleotides (see Figures 1A, B) that embedded unique

molecular barcodes (UMIs) and sample-specific barcodes and was

multiplexed into a pooled library with the majority of DNA

fragments ranging from 800-1,100 bp (Supplementary Figure 1).

The pooled library was sequenced on a PacBio Sequel-II SMRT Cell

platform, resulting in a high-throughput long-read sequencing

dataset consisting of a total of 3,199,280 HiFi sequencing reads.

The sequencing reads were pre-processed using an in-house

computational pipeline (Figure 2) where they were trimmed of

adapters, demultiplexed for each animal sample, and corrected for

PCR errors and duplication biases using UMIs. The resulting

nucleotide sequences were translated into protein sequences and

any protein sequence that contained a premature stop codon or

lacked the conserved C-terminal stalk region were removed from
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further analysis. The final dataset consisted of a total of 413,962

unique VLRB sequences ranging from 34,634 to 107,316 sequences

from each of six animals (Figure 3A). Cluster analysis showed

several extended clusters in each of the larval data sets

(Supplementary Figure 2). Furthermore, clustering of VLRB

sequences based on 100% sequence identity revealed that 7,078

(1.71%), 1,904 (0.46%), 704 (0.17%), 207 (0.05%), and 41 (0.01%) of

the sequences were shared between at least 2, 3, 4, 5, and 6 animals,

respectively (Figure 3B). The overall length VLRB protein

sequences including invariant stalk region ranged from 238 to

438 aa that grouped in multiples of approximate 24 aa, consistent

with a variable number of incorporated LRRv modules (Figure 3C

and Supplementary Figure 2). Perhaps unsurprisingly, VLRB

sequences that were shared among two or more larvae were

shorter compared to unique VLRB sequences (Figure 3D).

Recent work by Das et al. provided a detailed analysis of the

genomic VLRB gene locus (40). Sequences encoding the SP linked

to 5’ sequences of the LRR-NT and the invariant stalk region linked

to 3’ sequences of the LRR-CT originate from the single, VLRB

germline gene and are not subject to somatic diversification. To

account for any residual sequencing error or inherent noise floor we

started with the VLRB stalk subunit, encoded by a single genomic

locus. We clustered all VLRB stalk sequences with 100% sequence

identity and relaxed the clustering by stepwise reducing the

clustering threshold. We observed that at a clustering with 95%

sequence similarity, virtually all invariant stalk transcripts were

covered in a single cluster (Table 1). Similar analysis for SP

sequences yielded comparable results (Table 1). We therefore

used 95% sequence similarity as a reference threshold for

clustering of sequences encoding distinct structural VLRB

elements and sequence diversity assessment. However, it should

be noted that under these conditions the number of observed

clusters of VLRB components that are subject to somatic

diversification outnumbered the described genomic loci,

indicative of additional diversification mechanisms such as the

use of partial LRRv cassette templates in the assembly process (40).

Analysis of LRR1 and LRRv modules confirmed the initial

observations by Pancer et al. (17) based on a limited number VLRB

sequences that LRR1 modules are predominantly 18 aa in length and

LRRv modules 24 aa in length. For a detailed analysis of LRR element

usage in the VLRB repertoire, we set stringent parameters for a

consensus VLRB sequence based on previously established VLRB

structural elements (Figure 1A and Table 1) (17, 24, 41). These

required that the capping LRR-NT was followed by an 18 aa LRR1

module which in turn was followed at least one 24 aa LRRv unit.

Next, an 11 aa CP bridged the LRRve unit with the LRR-CT.

Sequences that did not match all structural elements were excluded.

As expected, the highest degree of diversity was observed in the LRRv

and LRRvemodules compared to the more conserved LRR1modules.

Within each module, sequences encoding the b-sheets displayed

highly conserved leucine residues flanked by highly diverse residues

that form (a part of) the antigen interacting region (Figures 4A–C).

Detailed analysis of the LRRv/LRRve units incorporated into each

VLRB molecule revealed that VLRB proteins composed of two LRRv

units were detected most frequently with an average of 2.17 LRRv

modules per molecule (Figure 5A and Supplementary Figure 2).
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A comparison of hydropathy values for LRRv versus LRRve modules

revealed that LRRv modules were more hydrophilic than LRRve

modules (Figure 5B). Hydrophobicity of individual LRRv modules

decreased from N-terminal to C-terminal location and greatly

increased for the most C-terminally located LRRve (Figure 5C, left

panel). Conversely, amino acid polarity scores increased for LRRv

modules from N-terminal to C-terminal orientation but were

markedly lower for LRRve modules (Figure 5C, right panel). As

expected, based on observations of the overall length of VLRB

sequences shared among two or more larvae, shared VLRB

sequences incorporated fewer LRRv units compared to unique

VLRB sequences (Figure 5D).
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A prominent feature of VLRB molecules is a variable loop

protruding from the LRR-CT module that is frequently involved in

antigen binding (27, 28, 44). Structural analyses of VLRB antibodies

indicate that residues composing this loop are preceded by a

conserved tryptophan in the -4 position and followed by a

conserved cysteine in the +3 position (Figure 1B). Here we refer

to the sequences up to and including flanking residues as ‘extended

loop’ whereas loop sequences without flanking residues are referred

to as ‘core loop’. The most frequent core loop length was 15 aa with

an overall mean core loop length of 16.6 +/- 2.3 aa (Figure 6A and

Supplementary Figure 2). Sequence variability was mostly restricted

to the core loop region whereas the flanking residues contained in
A B DC

FIGURE 3

Frequency and size of circulating VLRB molecules. (A) Numbers of mature VLRB sequences isolated from 6 individual larvae. (B) Frequency of shared
VLRB sequences with 100% sequence identity detected between the indicated number of larvae. Bars indicate mean +/- SD. (C) Length distribution
of mature VLRB sequences. Depicted are absolute numbers of isolated VLRB sequences. Numbers indicate amino acids, including those encoding
the SP. Sequences longer than 380 aa representing <0.06% of total sequences were omitted. (D) Comparison of VLRB length of shared vs unique
VLRB sequences. Symbols represent mean +/- SD. Statistical significance was determined using an unpaired t-test and is indicated by asterisks:
(****) p<0.0001.
TABLE 1 Determination of inherent sequencing errors.

Subunit SP LRR-NT LRR1 LRRv CP LRR-CT loop stalk

Number of genomic loci (N) 1 79 66 601 29 91 91 1

% subunits in N clusters
(total clusters)

(65% aa similarity clustering)

100
(2)

100
(30)

100
(30)

100
(178)

100
(14)

100
(26)

100
(77)

100
(1)

% subunits in N clusters
(total clusters)

(70% aa similarity clustering)

100
(2)

100
(46)

100
(46)

100
(291)

100
(14)

100
(38)

100
(84)

100
(5)

% subunits in N clusters
(total clusters)

(75% aa similarity clustering)

100
(2)

100
(75)

99.99
(75)

100
(552)

100
(24)

100
(53)

99.99
(95)

100
(5)

% subunits in N clusters
(total clusters)

(85% aa similarity clustering)

100
(2)

99.60
(219)

99.30
(219)

94.41
(4,085)

99.33
(123)

100
(88)

99.81
(241)

100
(5)

% subunits in N clusters
(total clusters)

(95% aa similarity clustering)

100
(5)

88.88
(2,393)

87.42
(2,394)

79.89
(16,638)

96.35
(352)

99.55
(333)

98.84
(793)

99.96
(5)

% subunits in N clusters
(total clusters)

(100% aa similarity clustering)

99.47
(68)

79.89
(4,912)

78.03
(4,912)

69.89
(29,501)

96.35
(352)

94.34
(2,535)

98.84
(849)

94.98
(521)
Cluster formation of sequences corresponding to the various VLRB subunits. Numbers of genomic loci are based on published reports by Das et al. (40). Cluster analysis of VLRB sequences from
6 combined libraries was performed with 100% amino acid similarity and stepwise relaxation of similarity thresholds to 65%. A 95% similarity threshold was selected for subsequent
sequence analyses.
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the extended loop region displayed a higher degree of sequence

conservation (Figure 6B). Calculation of the hydropathy values for

the loop sequences revealed a bimodal pattern that was observed for

core loop and extended loop sequences (Figure 6C), although it was
Frontiers in Immunology 07
more pronounced in the extended loop data set, indicating that the

residues flanking the core loop enhanced the distinct hydropathy

characteristics. We then explored potential differences in loop

diversity based on hydropathy scores. This analysis showed that
FIGURE 4

Amino acid diversity of VLRB LRR1, LRRv and CP modules. (A) Ribbon model of a VLRB antigen binding domain. Parallel b-sheets are shown in green
and conserved leucine/isoleucine residues forming the hydrophobic core of the molecule are depicted in red. Core and extended loop sequences of
the LRR-CT are shown in orange and blue, respectively. Protein model was generated using the Phyre2 modeling portal (42). (B) Amino acid usage
of LRR1, LRRv and CP sequences. Conserved leucine/isoleucine residues are indicated by red background. Illustration was generated using the
WebLogo tool (43). (C) Cluster size cumulative distribution of LRR1, LRRv/LRRve and CP segments. Cluster sizes were calculated separately for 85%
similarity for sequences involved in b-sheet formation as indicated in (B) (red) or not (blue) and are shown in order ranging from largest to
smallest clusters.
FIGURE 5

LRRv composition of mature VLRB sequences. (A) Numbers of LRRv elements incorporated into mature VLRB sequences. VLRB molecules with a
single with one LRRv unit contain only the LRRve segment. (B) Hydrophathy analyses of LRRv and LRRve units. Bars represent mean +/- SD for LRRv
and LRRve. (C) Positional hydrophathy (left) and polarity (right) analyses of LRRv and LRRve units. Numbers indicate the LRRv position and values are
depicted as mean +/- SD. (D) Comparison of LRRv units incorporated into shared vs unique VLRB sequences. Symbols represent mean +/- SD.
Statistical significance was determined using an unpaired t-test and is indicated by asterisks: (****) p<0.0001.
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the loop repertoire with low hydropathy scores was more diverse

compared to the repertoire characterized by high hydropathy values

(Figure 6D). Interestingly, we also noted that loop sequences with

lower hydropathy values were longer than loop sequences with

higher hydropathy scores (Figure 6E) and mature VLRB sequences

harboring low hydropathy loop scores were more frequently shared

between the analyzed larvae (Figure 6F).
Discussion

In this study we present evidence of large-scale antigen receptor

data generation of the non-conventional VLRB anticipatory

receptor system of the evolutionarily distant sea lamprey. The V

(D)J gene segment-based diversification system of conventional

antibodies of jawed vertebrates results in heavy and light chain

coding sequence that are diverse in composition but similar in
Frontiers in Immunology 08
length. In contrast, the diverse VLRB repertoire of jawless

vertebrates is generated not only by the sequence identity of LRR

modules but also by the number of incorporated LRRv modules.

While we determined that the average number of LRRv modules

was 2.18, we observed VLRB sequences with as little as only the

single LRRve module and as many as 8 LRRv cassettes in addition to

the LRRve module, resulting in size differences of the amplicons

exceeding 600 bp. This diversity in amplicon sizes renders

conventional immunoreceptor sequencing approaches unsuitable;

however, we could demonstrate the suitability of PacBio long-read

sequencing to obtain high quality sequences for VLRB repertoire

analysis. The ability to obtain large VLRB sequence databases also

allowed us to explore differences in amino acid composition of

VLRB proteins with diverse numbers of incorporated LRRv units. It

is noteworthy that LRRve units consistently displayed the highest

hydropathy and lowest polarity values. VLRB molecules with up to

5 LRRv units in addition to the LRRve segment incorporated into
A B

D

E F

C

FIGURE 6

Characteristics of VLRB C-terminal loop sequences. (A) Core loop sequences for 6 experimental larvae are depicted in amino acids (aa) numbers.
(B) Amino acid usage of core and extended loop sequences depicted for the most frequently observed loop length of 15 aa (core loop)/22 aa
(extended loop). (C) Hydropathy scores shown for 6 experimental larvae. Loop sequences are grouped in 0.1 score increments and each group is
normalized to the total number of loop sequences for each larva. The threshold to separate high and low hydropathy value groups for extended
loop analyses was set at 0.35. (D) Cluster size distribution of high (blue) and low (red) hydropathy extended loop sequences. Cluster sizes were
calculated based on 85% similarity. (E) Calculation of extended loop length for sequences with high or low hydropathy scores. Symbols indicate
mean +/- SD, statistical significance was determined using an unpaired t test and is indicated by asterisks. (F) Distribution of shared VLRB sequences
between at least 2, 3, 4, 5, or 6 larvae, respectively, with high and low hydropathy scores. Bars indicate mean +/- SD, statistical significance was
determined with a 2-way ANOVA and Sidak’s posthoc multiple comparison test and is indicated by asterisks: (***) p<0.001, (****) p<0.0001.
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the molecule, which includes nearly the entire analyzed repertoire,

displayed a continuous decrease in hydropathy and increase

polarity with each C-terminally added LRR segment which then

precipitously increased in case of hydropathy or decreased in case of

polarity for the LRRve unit. While the purpose underpinning this

apparent requirement remains to be elucidated it may represent a

factor potentially limiting the VLRB repertoire.

For our VLRB repertoire analysis we followed a very stringent

approach in that we excluded all sequences that did not match a

consensus VLRB molecule; we thus excluded all sequences that

contained LRR1 modules that were not 18 aa in length or sequences

with LRRv modules with a length distinct from 24 aa (see

Supplementary Table 1). Nonetheless, it is possible that these

VLRB molecules contribute to the functional repertoire even

though they differ from the VLRB consensus sequence. For

examples, structural analyses of the O13 monoclonal VLRB

antibody in complex with the blood group O H-trisaccharide

contains one LRRv module with a length of 23 amino acids (45).

In addition to the exclusion of VLRB sequences harbored in any

tissue resident cells, our conservative analysis of 413,962 consensus

sequences obtained from circulating lymphocytes of 6 larvae is

therefore presumably not a complete representation of the VLRB

repertoire of these animals but may come close to the representation

of the blood VLRB repertoire.

We determined a 95% sequence similarity threshold to account

for residual sequencing errors and inherent noise of our VLRB

sequence database, based on clustering results of sequence elements

that are not subject to diversification, i.e. sequences encoding the SP

and the invariant stalk region. However, a 95% sequence similarity

threshold would predict that the number of loci for different VLRB

structural components, particularly for the LRRv modules, would

far exceed the number of loci determined in a detailed analysis of

the sea lamprey VLRB genome (40) . Non-templated

immunoreceptor sequence diversification mechanisms such as n-

nucleotide addition or mutations as a result of antibody affinity

maturation are not described in jawless vertebrates (18). The

unexpected diversity of LRRv modules we observed in fully

assembled VLRB sequences is therefore most likely the result of

(i) the utilization of partial LRRv template cassette sequences during

VLRB assembly (40) and (ii) the use of multiple, distinct sites for

LRR module priming (41).

A noticeable proportion of the VLRB sequences we obtained

contained either premature stop codons or were lacking the

invariant stalk region, indicative of frame shifts within the

sequence. While precise positive and negative selection

mechanisms in jawless vertebrates remain to be elucidated, non-

functional VLRB sequences would be expected to occur only at very

low frequencies. These non-functional sequences originate most

likely from immature lymphocytes co-purified from the typhlosole,

a hematopoietic tissue of sea lamprey larvae (46), since our cell

isolation approach did not categorically exclude this possibility.

Alternatively, these non-functional sequences could be inherent to

SMRT sequencing and may require further improvements to be

recognized by our pre-processing algorithm.
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A variable loop protruding from the otherwise conserved LRR-

CT gained attention owing to its frequent involvement in antigen

recognition (27, 28, 45). To identify the loop, we determined

conserved tryptophan and cysteine residues 4 amino acids N-

terminal and 3 amino acids terminal of the loop, respectively, and

analyzed amino acid characteristics of the loop sequences with

(extended loop) or without (core loop) these flanking sequences.

Unexpectedly, we observed a bimodal hydropathy distribution for

the extended and core loop and noted that VLRB transcripts with

low hydropathy extended loop sequences were more frequently

shared among individual larvae. It will be interesting to determine if

certain classes of antigen (e.g. carbohydrates) are preferentially

recognized by either low or high hydropathy score VLRB

molecules. The loop length we observed in our study is consistent

with findings from a recent report that used a short-read sequencing

approach on RNA obtained from a single lamprey larva (Lampetra

planeri) (47). The VLRB repertoire analysis of this dataset indicated

a total VLRB repertoire of approximately 30,000 unique sequences,

including those from tissue-resident VLRB cells. The substantially

larger repertoires observed in our study might reflect differences in

repertoire size between distinct lamprey species; alternatively, it

supports the suitability of the long-read PacBio sequencing

platform for VLRB repertoire analyses.

We were intrigued to observe identical fully assembled VLRB

sequences isolated from distinct lamprey larvae. While identical

sequences were most frequently observed among two different

animals, we also detected identical VLRB sequences that were

shared between all six larvae, even if at greatly reduced frequency,

reminiscent of public antibody responses of jawed vertebrates. The

concept of public antibody responses, defined as clonotypes with

shared genetic elements from distinct donors, gained prominence

over the last 10 years; it is implicated in the development of effective

vaccines and was studied in immune responses to various infectious

disease pathogens (48–54). Our finding of identical, fully mature

VLRB sequences in distinct larvae is going beyond the characteristic

of only shared genetic elements such as variable gene usage and

complementarity determining region sequence similarity

commonly used for public antibody responses in humans (51, 52,

55–57). In this context it is interesting to note that immunizations

of sea lamprey larvae with influenza virus preparations revealed

VLRB responses targeting preferentially hemagglutinin, comparable

with antibody responses observed in jawed vertebrates (58).

Our analysis of bulk transcript analysis demonstrated the

feasibility of the PacBio platform to obtain large scale VLRB

sequence data. It will be interesting to expand this approach to

single cell level data analysis, which in turn would permit a

comparative analysis of the clonal composition of jawless and

jawed vertebrate immune repertoires and facilitate the monitoring

of antigen specific clones following immunizations with defined

antigens. Our cluster analysis of the VLRB repertoires of all 6 larvae

revealed several considerably expanded sequence clusters. While it

is tempting to interpret these clusters as an indication of clonal

expansion in response to an ongoing pathogenic challenge, formal

demonstration of clonal expansion will require immune repertoire
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analysis on a single cell level. It is also important to take into

account that the immune repertoire analysis performed in this

study was limited to circulating VLRB cells. Tissue based cells of the

adaptive immune system of jawed vertebrates, especially those

found in mucosal tissues perform key tasks in the protection

from pathogenic challenges and tissue based VLRB cells will have

to be included in a detailed comparative analysis of the immune

repertoires and clonal distribution of jawless and jawed vertebrates.

Nonetheless, establishing extensive VLRB repertoire databases is

the first step for the development of machine learning strategies to

rapidly isolate VLRB sequences with desired antigen specificity and

to subsequently explore these reagents for potential biomedical

research as well as clinical applications.
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