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The B cell antigen receptor repertoire is highly diverse and constantly modified by clonal selection. High-throughput
DNA sequencing (HTS) of the lymphocyte repertoire (Rep-Seq) represents a promising technology to explore such
diversity ex-vivo and assist in the identification of antigen-specific antibodies based on molecular signatures of clonal
selection. Therefore, integrative tools for repertoire reconstruction and analysis from antibody sequences are needed.
We developed ImmunediveRity, a stand-alone pipeline primarily based in R programming for the integral analysis of B
cell repertoire data generated by HTS. The pipeline integrates GNU software and in house scripts to perform quality
filtering, sequencing noise correction and repertoire reconstruction based on V, D and J segment assignment, clonal
origin and unique heavy chain identification. Post-analysis scripts generate a wealth of repertoire metrics that in
conjunction with a rich graphical output facilitates sample comparison and repertoire mining. Its performance was
tested with raw and curated human and mouse 454-Roche sequencing benchmarks providing good approximations of
repertoire structure. Furthermore, ImmunediveRsity was used to mine the B cell repertoire of immunized mice with a
model antigen, allowing the identification of previously validated antigen-specific antibodies, and revealing different
and unexpected clonal diversity patterns in the post-immunization IgM and IgG compartments. Although
ImmunediveRsity is similar to other recently developed tools, it offers significant advantages that facilitate repertoire
analysis and repertoire mining. ImmunediveRsity is open source and free for academic purposes and it runs on 64 bit

GNU/Linux and MacOS. Available at: https://bitbucket.org/ImmunediveRsity/immunediversity/

Introduction

Adaptive immunity relies on a highly diverse lymphocyte anti-
gen receptor repertoire, which is dynamically shaped by endoge-
nous and exogenous antigens by means of clonal selection. T and
B lymphocyte receptor repertoires are generated by somatic
recombination of germline V, D and ] segments in an antigen-
independent manner.' Each lymphocyte bears a unique antigen
receptor that can be clonally selected. In the case of B

lymphocytes, antigen receptors can be further diversified in an
antigen-dependent manner by somatic hypermutation of clonally
expanded lymphocytes.”” Thus, the basic unit of the B cell reper-
toire is the idiotype, which refers to a unique antigen receptor
structure (H and L chain pair) with unique epitope specificity.
One or more idiotypes derived from the same VD] recombina-
tion event and H¥L pairing represents a clonotype. The degree
of idiotypic diversification within a clonotype is indicative of
antigen-mediated selection.
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High-throughput DNA sequencing (HTS) of lymphocyte
antigen receptor repertoire (Rep-Seq)? provides a technologi-
cal solution to measure repertoire diversity, both to track the
clonal responses to antigenic challenge and to infer antigen
receptor specificity (repertoire mining), that in conjunction
with other high-throughput approaches could affect our view
of immunity to infection, vaccine efficacy, lympho-hemato-
logical malignancies, among others.” Consequently, there is
an increasing demand for automated data processing tools
from raw data to a full virtual repertoire reconstruction and
its comparative analysis within different experimental condi-
tions. There are a number of excellent tools such as iHM-
Mune-align,®  JoinSolver’ and IgBLAST® primary

structural analysis of Ig sequences, as well as tools that pro-

for

vide detailed structural features of lymphocyte receptor
sequences in massive datasets such as High-V_Quest” and
VDJfasta.'® However none of them integrate raw data proc-
essing, reconstruction of the ontogenic relations in terms of
clonal origin and diversification by somatic hypermutation to
a full qualitative and quantitative representation of the sam-
pled repertoire.

Accurate characterization of the B cell repertoire faces the
challenge of correctly identifying sequences belonging to a
common clonal origin, as well as the identification of the
structural relationships of idiotypes within each clonal linage,

accounting for sequencing errors. Clonal structure metrics,
together with mutation analysis indicative of selection, repre-
sent the basis for a quantitative statistical description of rep-
ertoire diversity and could provide the means for comparative
analysis between different immunological conditions, as well
as for the identification of putative antigen-specific antibodies

. S 1112
by repertoire mining.

Results

ImmunediveRsity is a flexible stand-alone pipeline based pri-
marily in R programming language,13 originally designed for
454-Roche unpaired IgH sequence data derived from libraries
prepared from total RNA by 5 RACE-PCR;'* thus, H and L
chain paring information is lost during the process. Different
scripts and functions (R, Python and Perl) bundled with GNU
software provide a full automated analysis per sequencing library.
It uses Acacia'® for noise correction; IgBLAST® for V and J seg-
ment assignment; HMMER3  (http://hmmer.janelia.org/) for
complementarity-determining region 3 (CDRH3) Junction iden-
tification and USEARCH'® for clustering sequences into Heavy
Chain Clonotypes, hereafter referred to as clonotypes, and their
corresponding clonally related Heavy Chain lineages, referred
hereafter as lineages (Fig. S1). The overall algorithm used by

ImmunediveRsity is
Input Processing Output depicted in Figure 1 and
; T described in  detail in
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Figure 1. The overall algorithm used by ImmunediveRsity. Input file is a *fastq. Pre-processing consists on VDJ
assignment and non-VDJ sequence trimming (5" UTR, signal sequence and IGHC), homo-polymer correction (partic-
ularly required for 454-Roche or lon Torrent reads), quality, size and IGH germline transcript (GLT) filters. Processing:
ImmunediveRsity first identifies the CDRH3 with HMMER3 and the V and J segment rearrangement with IgBLAST.
The CDRH3 reads belonging to the same V and J assignment are clustered iteratively according to sequence iden-
tity and length to define clonotypes. A second clustering step according to sequence identity is performed within
the full V region of reads belonging to each clonotype to identify the lineages with different somatic hypermutation
patterns. The output consists (1) Fasta files: containing the CDRH3 sequences for each read and clonotype, as well
as the sequence for each consensus lineage with a unique identifier. (2) Text files, describing V, D and J assignments
for each read and the relation of each read to a given clonotype and lineage. (3) Metrics files: for each clonotype is
given frequency, the number of synonymous (Ks) and non-synonymous mutations (Ka) mutations, diversity indices,
CDRH3 physico-chemical characteristics (P.Q.) and (4) Repertoire visualization: A series of predefined vectorized
graphics: (1) Rarefaction curves, (2) Aminoacid composition per specific length of CDRH3, (3) Heat-map of VJ rear-
rengment frequencies, (4) CDRH3 spectratyping, (5) 3D cloud VDJ rearrangement frequency and (6) Network repre-
sentation of the overall structure of the antibody repertoire. clonotypes (CG), lineages (Id).

describing V, D and ]
assignments for each read
and the relation of each read
to a given clonotype and
lineage. (3) Metrics files:
metrics of repertoire struc-
ture based on frequency,
degree of diversification and
somatic hypermutation that
can aid the exploration of
the effects of antigen-driven
selection or repertoire altera-

tions in a given disease. Such
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metrics include normalized clonal and lineages frequencies,
global entropy measurements such as Shannon-Weaver index'®
and Gini coefficient'”*° (Fig. 1 and Fig. S2). Such metrics can
be calculated according to IGHV usage, potentially revealing hid-
den trends in antigen-driven clonal diversification that otherwise
would not be detected only by a relative frequency analysis. Also,
entropy is calculated to reveal the degree of lineage diversification
within each clonotype, irrespectively of their IGHV segment
usage (Fig. S2). Finally, the number of synonymous (Ks) and
non-synonymous mutations (Ka) per lineage is calculated to indi-
cate potential lineages under antigen-driven selection. (4) Reper-
toire visualization (Figs. S$4-12): A series of predefined
vectorized graphics providing frequency of V, D and ] segment
usage (Figs. S4-6), CDRH3 digital-spectratyping (Fig. S7),
amino-acid composition at given CDRH3 length (Fig. $8), a
heat-map of hierarchical clustering of V family usage (Fig. S5),
rarefaction curves describing clonotype and lineage richness at a
standardized sampling effort®"** (Figs. S9 and S10) and read

quality before and after filtering (Fig. S11). In an attempt to cap-
ture the B cell repertoire complexity, an integrative graph repre-
senting a network of clonotype with their respective lineages is
generated in the context of a previously described HEL-immuni-
zation experiment in mice'” using iGraph® (Fig. 2A). These
graphs can be customized to plot parameters other than hyper-
mutation, such as diversity indices (see Methods and Fig. $12) or
CDRH3 physicochemical properties. Finally, ImmunediveRsity
provides a collection of scripts (Post-processing multi-library
analysis toolbox) aimed to aid with comparisons within multiple
library experiments (Figs. 1, 4, Fig. S2). A tool for sampling
equal number of reads or clonotypes is particularly useful for
such task. A tool for searching convergent CDRH3 in different
individuals®>**?’ is also provided (find_CDR3).

Performance of ImmunediveRsity
To test ImmunediveRsity, we used 3 benchmark data sets: (1)
A mouse benchmark composed by 5,359 reads generated by
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Figure 2. iGraph network representation of the sampled antibody repertoire in mouse spleen 15 days after immunization with HEL. (A) Left: IgM com-
partment. Right: IgG compartment. Each clonotype is represented by the agglomeration of lineages (nodes; represented by circles), the diameter of the
circle represents the relative frequency and the color code according to the number of non-synonymous mutations. The CDRH3 sequence (*3G1 ARGEG-
NYGY) of recombinant HEL-specific antibody as described'? is shown. Fading of certain clonotypes allows visualization of other clonotypes in the back-
ground. (B) Quantitative analysis of SHM in the IgM vs. IgG compartment in the same dataset as in A. (C) Statistical analysis of SHM in the IgM vs. IgG
compartment. Median for each compartment is shown (dotted line). U-Mann-Whitney test. Frame shifted sequences were removed before the analysis.
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sequencing a PCR amplicon library generated from a cloned 5’
RACE-PCR product derived from the spleen of a MD4
transgenic mouse (see supplementary material), which bears a
monoclonal (IGHV6-3*01-IGHD4-1*01-IGH]2*01) B cell
compartment.”® This benchmark was also used to assess
ImmunediveRsity’s clonotype and lineage assignment perfor-
mance, such that the identification of a single clonotype and a
single lineage was expected. The MD4 amplicon contains one G
homopentamer and one A homotetramer within the CDRH3
region, and 3 additional homotetramers in FWR2, 3 and 4,
respectively, providing a means to assess homopolymeric
sequencing errors and Acacia correction performance. (2) A
human benchmark composed by 1,044 sequences of a single clo-
notype  (IGHV1-3*01-IGHD3-10*01-IGHJ3*02)  manually
identified from a human library (see supplementary material).
To construct a reference dataset, sequences were aligned, indels
were manually corrected and 10 lineages were identified accord-
ing to their mutation patterns and based on the error pattern
observed in the MD4 sequence data. As for the mouse bench-
mark, the manually curated human data set was used to evaluate
ImmunediveRsity’s lineage assignment accuracy using the corre-
sponding human raw sequences as input. (3) The previously
described Stanford 22 dataset™”*® assess

ImmunediveRsity’s clonotype assignment capacity. It consists

was used to
of 13,141 human IgH sequences referred to as being derived
from independent V(D)J] recombination events (non- identi-
cal V, D, and ] segments and non-identical V-D and D-]
junction sequences). Although, absolute certainty regarding
the independence of a V(D)] recombination event cannot be
ascertained, the Stanford 22 data set was used as a proxy of
non-clonally related sequences.

Using the MD4 mouse dataset as a proxy for sequence error
calibrator, a major clonotype containing 99.5% of the reads was
obtained. A second clonotype with 10 reads (0.18%) was found.
Closer examination of the sequences in this clonotype deter-
mined that a G insertion in the G homopentamer located in the
CDRH3 anchor created this artifact. The remaining 14 reads
(0.26%) generated 8 clonotypes with low frequency and single-
tons (Table 1). At the lineage level, ImmunediveRsity identified
21 lineages, with a single lineage containing 99.3% reads, and
the remaining were composed of <5 reads. Thus, based on the
errors identified in the MD4 mouse data set, a minimum of 6

Table 1. Overview of the reference sequencing sets

reads was defined as threshold to consider a true lineage (well
supported). This corresponds roughly to 1 read per 1000 reads of
coverage. The MD4 or other amplicons should be used as guides
for calibration in terms of homopolymer content, but it does not
represent all the possible sources of sequencing errors. Therefore,
users are encouraged to optimize their own amplicons and means
to calibrate sequencing runs.

Using this threshold, results for each dataset are shown in
Table 1. For the human data set of 1,044 human immunoglobu-
lin raw sequences from a single clonal origin with 10 lineages,
ImmunediveRsity identified correctly a single clonotype. How-
ever, it identified 469 lineages as well, most of them singletons.
Using the >6 read threshold, the number of lineages identified
was 7. Therefore, if the experimental aim is to describe the clonal
structure of the repertoire, we recommend not to use coverage fil-
ters. However, if the goal is to identify and analyze structural
properties of an antibody subset, one should choose a minimal
coverage to call a true lineage. For the Stanford22 dataset, after
removal of one read with a duplicated identifier and 11 with
duplicated sequences, ImmunediveRsity identified 11,779 differ-
ent clonotypes and 12,421 lineages (Table 1), indicating that
either the Stanford 22 data set contains clonally related sequences
or that the CDRH3 clustering identity threshold is too low,
allowing to merge non-clonally related sequences into
clonotypes.

As IgBLAST is time consuming and must be executed twice,
ImmunediveRsity allows parallelization according to the number
of cores, which can also be customized by the user. Processing of
a raw dataset of 48,350 reads described in Figure 3 (HEL-immu-
nized mice) takes 136 minutes or 92 minutes in 1/8 or 7/8 Intel
core i7 CPU’s of a 3.8 GHz and 8 Gb RAM PC computer; and
173 min in 4/4 Intel core i5 CPU’s of a 2.3 GHz and 4 Gb
RAM MacBook computer.

To test InmunediveRsity performance with data derived from
MiSeq Illumina sequencing, we used the human data set
described by Schanz et al.*” The whole dataset contained 2.88 x
10° paired reads, and was processed with the imm-Illumina
script, which uses PANDAseq'” for paired read assembly. Ran-
dom subsampling of 1 x 10% and 1 x 10° assembled pairs were
used as input for ImmunediveRsity taking 18 and 280 minutes,
respectively, in a 7/8 Intel core i7 CPU’s of a 3.8 GHz 8 Gb
RAM PC computer.

Sequenced After Observed Expected Well supported Observed lineages Expected Well supported
Set reads filters’ clonotypes clonotypes clonotypes? (without singletons) lineages lineages®
MD4 5,359 99.6% 10 1 1 21(7) 1 1
IGHV1-3 1,044 95.2% 1 1 1 469 (52) 10 7
Stanford22* 13,141 100% 11,779 13,141 NA 12,421 13,141 NA

'Percent of reads that pass the pre-processing filters.

2Number of clonotypes whose corresponding lineages are composed > 6 reads.

3Lineages composed of > 6 reads.

“*The publicly available Stanford22 set was published as a set of non-clonally related immunoglobulin sequences; *® we removed one read with a duplicated

identifier and 11 with duplicated sequences.
NA, not applicable.
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Critical parameters for
optimization according to
user needs and data type

As described in the previ-
ous sections, it is highly rec-
that  users
include as reference a mono-
clonal amplicon to optimize
ImmunediveRsity. Critical
parameters that may require

10.0- " mouse
— m07 CTL D15 IgG
— m08 HEL D15 IgG

— m09 HEL_D15_IgG

ommended
10-

tweaking by the user are
CDRH3 identity (specified
by the 7d parameter. Default
= 0.97), low frequency

0.1~

Heavy chain clonotypes relative frequency (log,,)

reads cutoff for clonotypes
(specified by the CGfreq_- w ‘

cut parameter. Default = 6)

0.0 0.2

2618
2G5

264 Y

261 262

*2G3 4 3629

0.4 0.6 0.8
Gini coefficient per heavy chain clonotype

and lineages (specified by

the Ifreq cut parameter.
Default = 6). These filters
are applied by default and the
output is directed to different
directories (WellSuppor-

Figure 3. Comparison of clonotype intra-clonal inequality (Gini coefficient) between control (PBS) and 2 HEL-immu-
nized mice 15 days post-immunization. clonotypes derived from control mice are shown as green dots. Clonotypes
from HEL-immunized mice are shown in red (m8) and purple (m9) dots. x axis; Gini coefficient per clonotype, y axis;
clonotype relative frequency. The CDRH3 sequences of anti-HEL recombinant antibodies as described'? are shown.
Fading dots allow the visualization of overlapping dots.

tedCGs and WellSupporte-
dIs, respectively), however unfiltered results are still available in the
library output directory.

Differences in the B cell repertoire after an immune
challenge

Immunization with protein antigens induces the germinal cen-
ter reaction characterized for an extensive antigen-specific B cell
proliferative response, somatic hypermutation and class switch-
ing.*® In mice, the germinal center reaction induced by immuniza-
tion peaks after 10-12 days>' As a proof of principle of
ImmunediveRsity performance to digitally reconstruct the ant-
body repertoire with experimental data, we used our previously
described IGHV sequence data derived from libraries (IgM and
IgG class) from 2 BALB/c mice spleens at 3, 7 and 15 days post-
immunization with hen egg lysozyme (HEL) and one mouse inoc-
ulated with PBS in each time point as controls."* The sequencing
metrics of the 18 sequenced libraries are shown on Table S1. As
expected, the proportion of somatic hypermutation was higher in
the IgG than in the IgM compartment (Fig. 2B, C).

Fifteen days after immunization, 2 HEL-specific IGHV B cell
clones, functionally validated in a previous work,'? were identi-
fied as clones with high relative frequency, but lower Gini coeffi-
cients compared to the corresponding high relative frequency
clones from control mice, (Fig. 3), suggesting that within the
higher frequency range (y axis), antigen-specific clones are the
ones having lower Gini coefficient values. Lower Gini coefficients
make biological sense based on the assumption that affinity mat-
uration would allow the selection of different lineages leading to
a more even distribution than in the non-selected clonotypes.
Further research is needed to clarify if Gini coefficient per clono-
type is a useful measure to identify clonotypes undergoing anti-
gen-mediated selection.
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The germinal center reaction is initiated by a small number
(1-8) of antigen-selected IgM expressing-B cells.’’*? Due to the
extensive oligoclonal proliferation of founder cells and their con-
comitant differentiation to IgG switched high affinity antibody
secreting cells, a reduction in clonal diversity would be expected
after immunization. We used ImmunediveRsity to sample a fixed
number of reads per library (5,700) and to track clonal and
idiotypic diversity induced by HEL immunization 3, 7 and
15 days post-immunization in the IgM and IgG compartment.
Sampling was necessary to compare equal numbers of reads. The
number of reads was based on the library with the lowest number
of reads (Table S1). No changes in clonal and idiotypic entropy
(Shannon-Weaver index), or in clonal and idiotypic inequality
(Gini coefficient) were detected at day 3 and 15 post-immuniza-
tion (Fig. 4). However, a reduction in clonal and idiotypic diver-
sity was observed in the IgM compartment at day 7 post-
immunization. In contrast, clonal and idiotypic diversity was
markedly increased in the IgG compartment (Fig. 4A). Consis-
tently but in the opposite direction, clonal and idiotypic inequal-
ity in the IgM compartment increased at day 7 post-
immunization, whereas, in the IgG compartment, they decreased
(Fig. 4B). The entropy measures suggest an increase in the circu-
lation of non-clonally related IgG+ B cells at day 7.

Discussion

The lymphocyte antigen receptor repertoire is a fascinating
biological system that represents the basis for acquired immunity.
Hence, its analysis is critical to understand responses to vaccina-
tion and autoimmune diseases. Antibody repertoire diversity is
generated by antigen-independent somatic rearrangements of
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Figure 4. Clonal diversity and somatic diversification after immunization. A change in clonal (closed symbols) and struction and somatic hyper-
lineage (open symbols) diversity measured by the average Shannon-Weaver index of HEL-immunized (n = 2) minus mutation analysis such as
PBS-injected mouse (n = 1) at day 3 7 and 15 ppst—immunization for the IgM (upper panel) and IgG (Iovyer panfel) IgAT,4O AbMining Tool-
compartments. (B) The corresponding change in clonal (closed symbols) and lineage (open symbols) inequality 41 . .
= X ’ i Box™ and Michaeli’s algo-
measured by the average Gini coefficient. For A and B, 5,700 reads per library were randomly sampled using the . 0 .
post-processing multi-library analysis toolbox. Sequencing metrics of the libraries used to estimate diversity meas- rithm™ (Table S2). IgAT is
urements are described in Table S1. a basic and friendly tool that

germline V(D)] segments and antigen-dependent somatic hyper-
mutation.”** Potentially, the repertoire diversity can reach
astronomical proportions. However, it is clear that structural and
functional constraints, as well as clonal selection operating at dif-
ferent developmental stages influence its ultimate size and
shape.”> Owing to the capacity to screen a larger sample of the
lymphocyte repertoire, HTS is offering the possibility to
approach its complexity, and how it is affected during normal
and pathological immune response.” Additionally, the informa-
tion generated by HTS on antibody repertoires can be exploited
to address higher order statistical properties of biological struc-
tures in general.*®

Aiming toward a faithful digital reconstruction of clonal
diversification as a result of somatic hypermutation, repertoire
sequencing imposes particular challenges regarding data analysis.
Four such challenges are: (1) All HTS platforms possess certain
degree of quality to throughput trade off that can potentally
overestimate true diversity.”” To minimize the impact of
sequencing errors, ImmunediveRsity attempts to correct or dis-
card noisy reads. However, this process is not exhaustive, as
exemplified by the MD4 experiment (Table 1). It is thus impor-
tant that users tweak clustering parameters to obtain a reliable
repertoire reconstruction. (2) Clonal relations for large data sets
are difficult to assign due to the nature of V(D)] recombination
process, which can be confounded by CDRH3 somatic hyper-
mutation. (3) Incomplete knowledge of germline structure and
population diversity at immunoglobulin loci, including allelic
copy number variation.”®?” (4) The influence of sample size
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assignments and runs only

does not provide
in Windows. AbMining ToolBox is a fast, powerful tool optimized
for selection of phage displayed antibodies avoiding panning steps
and increasing the yield of relevant recombinant antibodies. In
many ways, the most similar tool to ImmunediveRsity is the
Michaeli’s algorithm, which also integrates a sequencing error cor-
rection step and allows lineage identification. However, Michaeli’s
algorithm is designed to run in 32-bit computers, limiting its use.
Additional contributions of ImmunediveRsity are the calculation
of different entropy measurements such as the Gini and Shannon-
Weaver indexes per clonotype and lineage and their corresponding
partitions according to IGHV gene usage. Its utlization in the
analysis of the B cell repertoire in response to immunization sug-
gests a potential application of the Gini coefficient in repertoire
mining and 7z silico identificadon of antigen-specific clones
(Fig. 3), but further experimentation is required. Moreover,
entropy measurements provided the observation that clonal and
somatic diversity in the IgG compartment increases at day 7 post-
immunizaton instead of decreasing (Fig. 4), supporting the notion
that germinal centers are open structures that can be colonized by
unrelated B cells.***® The inverse relationship between Shannon
entropy and Gini coefficient indicate that both measures are
redundant. However, we have explored such correlation at the clo-
notype level in human peripheral blood of patents infected with
dengue virus and found very weak correlation (unpublished data).
The significance of the correlation between both measures warrants
further research.

An additional feature that contributes to an integrative analy-
sis of the B cell repertoire is ImmunediveRsity’s rich output in
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terms of a diverse and informative graphical output and a
detailed description per clonotype sequence and structure. In
conclusion, ImmunediveRsity is a highly modular and customiz-
able tool for B cell repertoire analysis that can accelerate data
integration and discovery of biologically relevant processes, as
well as the identification of antibodies with potential biotechno-
logical applications.

Methods

Input

ImmunediveRsity accepts *fastq files in reverse complement;
thus, in principle it is suitable for most HTS platforms. Cur-
rently, it can only process VH libraries from human and mouse.
It should be noted that somatic hypermutation can occur along
the whole variable region, which is 400 bp on average. Platforms
that generate longer reads lengths can offer better representation
of somatic diversity (Fig. 1).

Pre-processing

As an initial step, IgBLAST® is performed for each individual
read to map the V(D)] region and to trim the 5" and 3 flanks.
This step is particularly important for the analysis of libraries
generated by 5 RACE-PCR to exclude germ-line transcripts
(sterile transcripts) that may be present in libraries derived from
total RNA, i.e., when using 5 RACE-PCR (unpublished obser-
vations), and to trim the 5" UTR and signal peptide sequences
and possible IGHC nucleotides, which are irrelevant for antigen
binding and thus for clonal selection. Moreover, the distal flank
to the sequencing primer usually will have the lowest quality. As
454-Roche and Ion Torrent sequencing platforms are prone to
indels in homopolymeric regions,”” ImmunediveRsity can call
Acacia,”® an error-correction tool. Sequences below a median
read quality of Q28 or below 200 bp long are discarded. These
parameters can be easily customized (Fig. 1).

CDRH3 Junction identification

The CDRH3 Junction region is delimited by the 3’ end of the
V gene and the 5’ end of the | gene, including the D gene and the
N and P-nucleotides.”” The CDRH3 region is the most variable
and defines the clonal origin. The CDRH3 region has conserved
regions (anchors) in both flanks, hence ImmunediveRsity uses
HMMER3 with a HMMER DNA profile trained to match
either human or mouse CDRH3-coding sequence for each read.
HMMERS3 retrieves the CDRH3 by means of 2 anchors, which
are trimmed on the basis of the conserved motifs Tyr-Phe/Tyr/
His-Cys or Phe-Phe-Cys in the 3’ end of the IGHV segment
(IMGT positions 102-104) and the motif Trp-Gly in the IGH]
segment. Additionally, it considers the potential presence of
indels due to homopolymeric errors in the sequence coding for
Tyr-Phe-Cys. The presence of D segments in tandem, which was
previously described,”®" are also considered since our second
step returns the largest CDRH3 with the different possible
motifs. Reads without an identifiable CDRH3 are discarded

(Fig. 1).
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V(D)] assignment

A critical step toward clonal origin identification is the deter-
mination of V, D and ] segment usage. Different tools are pub-
licly available to achieve this task. The main challenge relies on
correctly identifying the D segment, because of its usually short
length (from 11 to 37 nt)’? and mutations content by exonucle-
ase activity during the recombination process. To assign the V, D
and ] segments, ImmunediveRsity uses IgBLAST® by aligning
each read to the current set of functional germ line sequences
from ImMunoGeneTics database (50 V genes and 239 alleles,
23 D genes and 30 alleles, and 6 ] genes and 13 alleles for
human)>? (Fig. 1). However, this database can be upgraded as
new genes and alleles are described.”

Heavy Chain Clonotype (clonotype) identification

Although biologically a B cell clonotype corresponds to a
group of B cells sharing a unique antigen receptor originated by a
unique VD] and V] recombinatorial event leading to the respec-
tive H and L chain pair, ImmunediveRsity interprets the clono-
types as single chained (in this case IGHV) objects. The
clonotypes are defined by CDRH3 clustering with USEARCH.>*
USEARCH is fast, exhaustive and offers simplicity in setting the
desired parameters. As the human D gene sequences can be as
small as 11 bp,”* as in the case of IGHD7-27, accurate D gene
assignation in mature B-lymphocytes is difficult to achieve.”® For
that reason, we define that 2 reads belong to the same clonotype
if the following is true: (1) The V and ] gene assignment is the
same in both sequences; (2) Junction regions of the 2 sequences
have a nucleotide identity > 97%. This parameter (id) can be
adjusted according to the user needs and calibration results; and
(3) The trimmed length of the shorter Junction sequence > 97%
of the length of the larger Junction sequence (Fig. 1). CDRH3
length identity and length parameters used for clustering were
determined by estimating the accuracy obtained by sequencing
an IgH amplicon derived from an ant-HEL transgenic mouse
(MD4) that is virtually monoclonal®® and a manually-curated
human immunoglobulin set (IGHV1-3) (see Results. Perfor-
mance of ImmunediveRsity. Table 1), but can be easily
customized.

Unique heavy chain (lineage) identification

As for clonotypes, ImmunediveRsity obviates L chain pairing
and interprets a lineage as an object derived from a unique VD]
recombinatorial event and a unique SHM pattern. Lineages are
identified on a second iterative clustering step with USEARCH,
using the complete VD] region of each read within each clono-
type.”® Reads corresponding to the same clonotype may have dif-
ferent lengths due to the sequence quality decay during the
sequencing process. Shorter reads generated by early sequencing
termination or shortened by quality filters would be still retained
in the analysis. Two reads belong to the same lineage if: (1) Both
reads have the same clonotype assignment; (2) The V(D)] regions
of the 2 sequences have a nucleotide identity > 99.5%; and (3)
The length of the shorter V(D)] region is > 60% of the larger
read length (Fig. 1). These criteria are based on the mouse MD4
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and the human IGHV1-3 sets (see Performance of Immunedi-
veRsity, benchmark data sets, Table 1).

Entropy and Gini coefficient measurement

The Shannon-Weiner index was calculated by the following
formula: H' = — | p;In(p;), where p is the proportion of 7 ele-
ments (clonotypes or lineages). The Gini coefficient was calcu-
lated according to the following formula:

23 1)xi
g [Pl

n .
n nE R

where 7 is the number of elements (lineages per clonotype), xi is
the sorted proportion of each lineage within clonotype.

Post-processing multi-library analysis toolbox

ImmunediveRsity provides a collection of scripts aimed to aid
comparisons within multiple library experiments (Figs. 1, 4,
Fig. S1). A tool for sampling an equal number of reads or clono-
types is particularly useful for such task. A search tool for conver-
gent CDRH3 in different individuals®>**?* is also provided.
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