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of whole antibody repertoires. This involves the acquisition of vast sequences of antibody
RNA using next-generation sequencing.

LONG ABSTRACT:

The immense adaptability of antigen recognition by antibodies is the basis of the acquired
immune system. Despite our understanding of the molecular mechanisms underlying the
production of the vast repertoire of antibodies by the acquired immune systems, it has not
yet been possible to arrive at a global view of a complete antibody repertoire. In particular, B
cell repertoires have been regarded as a black box because of their astronomical number of
antibody clones. However, next-generation sequencing technologies are enabling
breakthroughs to increase our understanding of the B cell repertoire. In this report, we
describe a simple and efficient method to visualize and analyze whole individual mouse and
human antibody repertoires. From the immune organs, representatively from spleen in mice
and peripheral blood mononuclear cells in humans, total RNA was prepared, reverse
transcribed, and amplified using the 5'-RACE method. Using a universal forward primer and
antisense primers for the antibody class-specific constant domains, antibody mRNAs were
uniformly amplified in proportions reflecting their frequencies in the antibody populations.
The amplicons were sequenced by next-generation sequencing (NGS), yielding more than 10°
antibody sequences per immunological sample. We describe the protocols for antibody
sequence analyses including V(D)J-gene-segment annotation, a bird's-eye view of the
antibody repertoire, and our computational methods.

INTRODUCTION:

The antibody system is one of the fundamentals of the acquired immune system. It is highly
potent against invading pathogens due to its vast diversity, fine antigen recognition
specificity, and the clonal expansion of antigen-specific B cells. The repertoire of antibody-
producing B cells is estimated to be more than 10% in a single individual®. This immense
diversity is generated with the help of VDJ gene recombination in the immunoglobulin genetic
loci?. Description of the entire B cell repertoires and their dynamic changes in response to
antigen-immunization is therefore challenging, but essential for a complete understanding of
the antibody response against invading pathogens.

Because of their astronomical diversity, B cell repertoires have been regarded as a black box;
however, the advent of NGS technology has enabled breakthroughs to an enhanced
understanding of their complexity®>*. Whole antibody repertoires have been successfully
analyzed, firstly in zebrafish®, then mice®, and humans®’. Although NGS has now become a
powerful tool in the study of the adaptive immune response, basic analyses of the
commonalities and differences in antibody repertoires among individual animals are lacking.

In mice, it was reported that the IgM repertoires are almost identical between individuals,
whereas those of IgG1 and 1gG2c are substantially different between individuals®. In addition
to V-gene usage profile, the observed frequency of VDJ-profile in naive peripheral B cells is
highly similar between individuals®. The analysis of the amino acid sequences of the VDI-
region also showed the occurrence of the same junctional sequences in different mice much
more frequently than previously thought®. These results indicate that the mechanisms for the
antibody repertoire formation can be deterministic rather than stochastic>®°. The process of
antibody repertoire development in mice has also been successfully analyzed using NGS to
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further highlight the potential of NGS to uncover the antibody immune system in detail'°.

In this report, we describe a simple and efficient method to visualize and analyze an antibody
repertoire at a global level.

PROTOCOL:

All animal experiments were performed according to institutional guidelines and with the
approval of the National Institute of Infectious Diseases Animal Care and Use Committee.
Sampling of PBMCs from healthy adult volunteers, used as the representative result in this
report, was performed with the approval of the Ethics Committee of the National Institute of
Infectious Diseases, Tokyo, Japan, and written informed consent was obtained from each
participant using an ethics committee-approved form.

1. Primer Design

1.1. Design a universal forward primer to cDNA to amplify the immunoglobulin mRNA without
bias from PCR primers, as used in the 5'-RACE'*'2 and SMART-PCR?3 techniques.

1.2. For the immunoglobulin VH gene amplification, design the immunoglobulin class-specific
sequences in the constant region as reverse primers®!4 (Figure 1A).

[Please insert Table 1 here]

NOTE: Multiplex tag sequences can be added to any of these primers to label the library
molecules from different sample sources. Sequences for nested PCR can also be added,
according to the manual of the kit used®.

2. Nucleic Acid Isolation from Immune Cells and Tissues

NOTE: The procedure given below is for extracting nucleic acids from the mouse spleen.
However, it is applicable to other immune tissues and human cells such as lymph nodes or
peripheral blood mononuclear cells (PBMCs) (Figure 1B).

2.1. Dissect the tissue, e.g., spleen from an 8-week-old C57BL/6 mouse and pass it through a
stainless-steel mesh (200 to 400 um) with 2 mL of PBS buffer to obtain dispersed cells.
Transfer the cell suspension to a 2.0 mL microcentrifuge tube, and centrifuge for 5 min at 600
x g and 4 °C. Discard the supernatant.

2.2. Add 800 pL of ACK lysing buffer (150 mM NH4Cl, 1 mM KHCO3s, 0.1 mM Na;EDTA, pH 7.2)
to the pellet, and incubate on ice for 2 min to lyse red blood cells in the tissue.

2.3. Wash the tissue cells with 2 mL of PBS 3x, followed by centrifugation for 5 min at 600 x g
and 4 °C.

2.4. Add 800 pL of phenol/guanidine isothiocyanate reagent to the pellet, vortex thoroughly,
and incubate at about 25 °C for 5 min.
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2.5. Add chloroform (200 uL), shake manually for 15 s, and then incubate for 2 min at about
25 °C.

2.6. Separate the phases by centrifugation for 15 min at 12,000 x g and 25 °C and transfer the
upper aqueous phase to a fresh tube.

2.7. Add one volume of 70% ethanol, vortex briefly and apply it to the silica spin column.
2.8. Elute the RNA with 30-100 puL of water.

2.9. Quantitate initial RNA concentration using a fluorometer (Table of Materials).

2.10. Store the purified RNA at -80 °C.

3. cDNA Synthesis and PCR Amplification

NOTE: The method described below is based on the 5'-RACE'*'2 and SMART-PCR
techniques®3. The details and optimization of the reaction are described in the manual of the
kit 1. The starting materials for mouse immunoglobulin are the sample from step 2.10. The
starting materials for human immunoglobulin are the sample from human tissues, ex. PBMC,
treated as described in steps 2.3 to 2.10.

3.1 Synthesize the first-strand cDNA from 2 to 10 pg of total RNA template using 5°-RACE CDS
primer (oligo-dT-containing) and SMART-PCR oligonucleotide (Table of Materials) according
to the manufacturer’s instructions®>.

3.2.1 For the mouse immunoglobulin, PCR-amplify cDNA with high-fidelity DNA Polymerase
using the universal forward primer and immunoglobulin class-specific reverse primers (Table
1). Set the thermal cycling conditions as: 94 °C for 2 min, then 40 cycles of 94 °C for 30 s, 59
°Cfor 30s,and 72 °C for 30 s, followed by a final extension step at 72 °C for 5 min.

NOTE: Typical experiments amplify IgM, 1gG1, 1gG2c, Igk and IgA immunoglobulin classes to
look at the naive, Thl-dependent and Th2-dependent B cells (Figure 3).

3.2.2 For the human immunoglobulin, perform the 15t PCR using the universal forward primer
and immunoglobulin class-specific reverse primers (Table 1) with tag sequences. Include the
index sequences for each sample by 2" PCR using index sequence primers. Use the following
PCR conditions and the Taq polymerase: 94 °C for 2 min, 21 cycles (1%t PCR) or 32 cycles (2"
PCR) at 94 °Cfor 305,59 ‘C for30s, 72 °C for 30 s.

NOTE: Typical experiments amplify IgM, IgD, IgG (IgG1, 1gG2, 1gG3 and IgG4), IgA (IgAl and
IgA2), IgE, Igik and Igh immunoglobulin classes to look at all B cell populations (Figure 4).

3.3 Electrophorese the PCR products on an agarose gel and purify 600 to 800 bp fragments
using a silica membrane spin-column.
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3.3.1 Electrophorese the sample from 3.2.1 or 3.2.2 on 2% agarose gel.

3.3.2 Visualize the DNA bands on UV-transilluminator and excise the gel-slice containing the
broad band between 600 to 800 bp.

3.3.3 Add 10 pL of membrane binding solution per 10 mg of gel slice. Mix and incubate at 50—
65 °C until the gel slice is completely dissolved.

3.3.4 Transfer the gel solution on silica membrane spin-column. Wash once with washing
buffer and elute DNA with 50 pL of nuclease-free water (Table of Materials).

3.4 Quantify the purified amplicons with a fluorometer and pool amplicons from each
immunoglobulin class in equal amounts for NGS sequencing.

NOTE: Typically, 2-10 ug amplicon DNA was recovered for each immunoglobulin class. Mix
each sample solution equally in DNA amount to give rise 50 uL solution containing 10-20 ng

DNA/uL.

3.5 Determine the size and concentration of libraries using a micro-capillary based
electrophoresis with DNA sizing chip (Table of Materials). Store the libraries at - 20 °C.

4. NGS Sequencing of Libraries

4.1 Generate a SampleSheet.cvs for the sequencing run specifying sample name, index
information and instruct to obtain .fastq files only.

4.2 Thaw the reagent cartridge (Table of Materials) and the libraries.
4.3 Make 0.2 N NaOH and dilute the libraries to obtain the desired molar concentration.

4.4 Rinse and dry the flow cell. Add 600 pL of diluted and denatured library solution into the
well of the reagent cartridge.

4.5 Start the sequencing run.

5. Quality Control of NGS Data

5.1. Perform the quality control of FASTQ data using the "FASTX-Toolkit"1®.

NOTE: A basic example of the parameter settings used is as follows:
fastg_quality_trimmer -v -t 20 -1 200 -i [InFilename.fastq] -o [InFilename.fastq]
fastg_quality_filter -v -q 20 -p 80 -i [InFilename.fastq] -o [InFilename.fastq]

fastx_reverse_complement -v -i [InFilename.fastq] -o [InFilename.fastq]

5.2. Format the output files to "fasta nucleic acid (.fna)" by the following command:
fastg_to_fasta -v -n -i [InFilename.fastq] -o [InFilename.fna]
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6. Extraction and Analysis of Immunoglobulin Sequences from .fna Data

NOTE: The example programs were implemented in a UNIX environment. Please use them as
an example references because performance may depend on the operating system and
hardware environment. The authors do not accept any liability for errors or omissions. The
programming languages, Perl!’, R, and required modules need to be installed according to
the instructions on the cited websites. the IgBLAST program need to be installed according to
the instructions on the appropriate website?2°,

6.1 Download the following examples of in-house programs for repertoire analyses from
https://github.com/KzPipelLine/KzPipeline:

03_PipelLine_Mouse.zip; A set of example programs for the analyses of mouse antibody
sequences.

05_PipelLine_Human.zip; A set of example programs for the analyses of human antibody
sequences.

6.2 Extract the antibody reads in the sequence data: Extract the immunoglobulin (Ig)
sequences of each Ig-class from the data (.fna ) by a Perl program that searches the signature
sequences in each immunoglobulin constant region (Table 2).

6.2.1 For the mouse immunoglobulin heavy chain (IgH) genes, extract the reads by the
following command:
S perl 01_KzMFTIgCmgggaNtdVer3_Kz160607.pl [Input filename] [Output filename (suffix)]

6.2.2 For the mouse immunoglobulin light chain (IgL) genes extract the reads by the following
command:
S perl 01_KzMFTCkItNtdVerl _170810.pl [Input filename] [Output filename (suffix)]

6.2.3 For the human immunoglobulin heavy chain (IgH) genes, extract the reads by the
following command:

S perl 01_KzMfHulgHCmgadeNtdVerl Kz180312.pl [Input filename] [Output filename
(suffix)]

6.2.4 For the human immunoglobulin light chain (IgL) genes, extract the reads by the following
command:
S perl 01_KzMfHulgCkltNtd_180316.pl [Input filename] [Output filename (suffix)]

6.3 Annotate and check the productivity of V(D)J gene recombination:

NOTE: The method described below utilizes standalone IgBLAST*® for the annotation of V(D)J
gene segments in the sequence. Set the database for the V(D)) genes and the parameter
settings for IgBLAST as described?°.

6.3.1 Annotate the mouse immunoglobulin heavy chain (IgH) genes by the following
command:

S igblastn  -germline_db_V  SIGDATA/ImtgMouselghV_NtdDb.txt  -germline_db_J
SIGDATA/ImtgMouselgh)_NtdDb.txt -germline_db_D SIGDATA/ImtgMouselghD_NtdDb.txt -
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organism mouse -domain_system imgt -query ./SInFile -auxiliary_data
SIGDATA/optional_file/mouse_gl.aux -show_translation -outfmt 7 >>./SOutName

6.3.2 Annotate the mouse immunoglobulin light chain (IgL) genes by the following command:
S igblastn  -germline_db_V  SIGDATA/ImtgMouselgkV_NtdDb.txt  -germline_db_J
SIGDATA/ImtgMouselgk) _NtdDb.txt -germline_db_D SIGDATA/ImtgMouselghD_NtdDb.txt -
organism mouse -domain_system imgt -query ./SInFile -auxiliary_data
SIGDATA/optional_file/mouse_gl.aux -show_translation -outfmt 7 >>./SOutName

6.3.3 Annotate the human immunoglobulin heavy chain (IgH) genes by the following
command:

S igblastn  -germline_db_V  SIGDATA/ImtgHumanlghV_NtdDb.txt  -germline_db_J
SIGDATA/ImtgHumanlghJ)_NtdDb.txt -germline_db_D SIGDATA/ImtgHumanlghD_NtdDb.txt -
organism human -domain_system imgt -query ./SInFile -auxiliary_data
SIGDATA/optional_file/Human_gl.aux -show_translation -outfmt 7 >> ./SOutName

6.3.4 Annotate the human immunoglobulin light chain (IgL) genes by the following command:
S igblastn  -germline_db_V  SIGDATA/ImtgHumanlgkV_NtdDb.txt  -germline_db_J
SIGDATA/ImtgHumanlgk)_NtdDb.txt -germline_db_D SIGDATA/ImtgHumanlghD_NtdDb.txt -
organism human -domain_system imgt -query ./SInFile -auxiliary_data
SIGDATA/optional_file/human_gl.aux -show_translation -outfmt 7 >> ./SOutName

6.4 Visualize the global feature of an antibody repertoire.

6.4.1 Visualize the mouse IgH repertoire by the following command:
$.00al_3DView_MolgH_Kz180406.sh

NOTE: The input file is filename.fna (sequence data), preferably the output file from 6.2.1.
This file needs to be placed in a lower directory (folder) named "filename". In line 50 of the
shell script, assign a "filename" for Para_4.

6.4.2 Visualize the human IgH repertoire by the following command:
$.00al_3DView_HulgH_Kz180411.sh

NOTE: The input file is filename.fna sequence data, preferably the output file of 6.2.3. This
file needs to be placed in the lower directory (folder) that name is "filename". In line 46 of
the shell script, assign a "filename" for Para_4.

6.4.3 Visualize the mouse Igl repertoire by the following command:
S.00_2DViewS_MolglL_Kz180406.sh

NOTE: With this pipeline, Igk and IgA are processed concomitantly. The input file is
filename.fna (sequence data), preferably the output file from 6.2.2. This file needs to be
placed in the lower directory (folder) named "filename". In line 53 of the shell script, assign a
"filename" for Para_4. The output file’s name, ending with "_IgKICount.txtDim2Rpm.txt"
gives the coordinates for a two-dimensional bar graph (Figure 3, IgL).
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6.4.4 Visualize the human IgL repertoire by the following command:
$.00_2DView_Hulgl_Kz180319.sh

NOTE: With this pipeline, Igk and Ig\ are processed concomitantly. The input file is
filename.fna sequence data, preferably the output file of 6.2.4. This file needs to be placed in
a lower directory (folder) named "filename". In line 53 of the shell script, assign "filename"
for Para_4. The output file name ending with "_IgKICount.txtDim2Rpm.txt" gives the
coordinates for a two-dimensional bar graph (Figure 4, IgL).

REPRESENTATIVE RESULTS:

Antibody repertoires of mouse

A perspective of a murine antibody repertoire as a whole can be obtained from cells or tissues
such as the spleen, bone marrow, lymph node, or blood. Figure 3 shows representative results
of IgM, 1gG1, 1gG2c, and immunoglobulin light chain (IgL) repertoires from a naive mouse
spleen. The summary of the read numbers is shown in Table 3. For example, 166,175/475,144
reads contained IgM-specific signature sequence (Table 2) and 133,371/166,175 reads were
VDJ-productive inferred by IgBLAST?.

Figure 3 shows a repertoire profile of VDJ-rearrangement by 3D-VDJ-plot, in which the size of
each ball represents the relative number of reads; in other words, the number of antibody
MRNAs in whole B cells. The 3-D mesh consists of 110 IGHV, 12 IGHD, and 4 IGHJ, which are
aligned to reflect their order on the chromosome. In addition, the genes ambiguously
assigned by IgBLAST were collected separately in the last position for each IGHV, IGHD and
IGHJ line, giving rise to 7,215 nodes in the cuboid.

Also, shown in Figure 3 is a 2D-VJ-plot showing the profile of VJ-rearrangement in the IgL
repertoire. The length of each bar on this plot represents the relative number of reads. The
x-axis represents 101 IGLVk and 3 IGLVA genes, and the y-axis represents 4 IGLJk and 3 IGLJA
genes. The unannotated V- and J-genes are represented on the right borderline.

The complementarity-determining region 3 (CDR3) sequences of these productive reads,
which give rise to the majority of antigen-binding specificity, are given in IgBLAST outputs.
The CDR3 sequences can be analyzed statistically, including biological or technical replicates,
as described previously®.

Human antibody repertoires

A perspective of a human antibody repertoire as a whole can be analyzed from various tissues
including peripheral blood mononuclear cells (PBMCs) or pathological tissues. Figure 4 shows
representative results of IgM, total 1gG (IgG1, 1gG2, 1gG3, and IgG4), total IgA (IgA1 and IgA2),
IgD, IgE and IgL repertoires from normal PBMCs. A summary of the read numbers is shown in
Table 3. For example, 90,238/1,582,754 reads contained IgM-specific signature sequence and
67,896/90,238 reads were VDJ-productive.

The repertoire profile of VDJ rearrangement is shown on a 3D-VDJ-plot in which the size of

each ball represents the relative number of reads; in other words, the number of antibody
mMRNAs from whole PBMCs (Figure 4). The 3-D mesh consists of 56 IGHV, 27 IGHD, and 6 IGHJ,
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aligned in the order they appear on the chromosome. In addition, genes ambiguously
assigned by IgBLAST are represented separately in the last position for each IGHV, IGHD and
IGHIJ line, giving rise to 11,172 nodes in the cuboid.

The profile of VJ-rearrangement in the IgL repertoire is depicted in a 2D-VJ-plot in which the
length of each bar represents the relative number of reads (Figure 4). The x-axis represents
41 IGLVk and 32 IGLVA genes, and the y-axis represents 5 IGUk and 5 IGLJA genes. The un-
annotated V- and J-genes are represented on the right borderline.

The human CDR3 sequences are given in IgBLAST outputs and can be analyzed statistically as
described previously®?©,

FIGURE AND TABLE LEGENDS:

Table 1: Primer sequences for PCR-amplification of immunoglobulins
Table 2: Summary of the immunoglobulin signature sequences
Table 3: Summary of the read numbers in the experiments

Figure 1: Schematic representation of sequencing strategy for analyzing antibody
repertoires in individual mice. (A) Total RNA from the immune cells or tissues was reverse-
transcribed and PCR-amplified using the universal forward primer and immunoglobulin class-
specific reverse primers. The amplicons from each immunoglobulin class were pooled and
rendered for next-generation sequencing. (B) The biological replicates such as spleens from
C57BL/6 mice were treated as follows: total RNAs were purified from spleen samples, and
cDNAs were amplified by 5'-RACE using the universal primer and antibody class-specific
primer. They were then rendered for next-generation sequencing with labeling primers for
individual mice. Parts of the figure are adapted from®with permission.

Figure 2: Schematic of data-processing flowchart for analyzing antibody repertoires in
individual mice. Amplicon reads obtained after next-generation sequencing were processed
as follows: (1) read sequences were checked for the presence of antibody class-specific
signature sequences; (2) sequences were examined for the V, D, and J gene fragments using
IMGT/HighV-Quest and/or IgBLAST; (3) the sequences containing a productive VDJ junction
were collected; and (4) these sequences were used for the analysis of overall repertoire
features, CDR3, etc.

Figure 3: Global data visualization for mouse antibody repertoires. The overall repertoire
profiles of each antibody class were visualized by 3D-VDJ-plot. The x-axis represents 110 IGHV
genes ordered as on the chromosome. The y- and z-axis represents 12 IGHD and 4 IGHJ genes,
respectively. The volume of spheres on each node represents the number of reads. Red
spheres: un-annotated V, D, and J genes. The IgL read distributions are shown on a 2D-VJ-plot
in which the length of each bar represents the relative number of reads. The x-axis represents
101 x IGLVk and 3 x IGLVA genes, and the y-axis represents 4 x IGLJk and 3 x IGLJA genes. The
un-annotated V and J genes are represented on the right borderline.

Page 8 of 6 revised October 2016



424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470

Figure 4: Global data visualization for human antibody repertoires. The overall repertoire
profiles of each antibody class were visualized by 3D-VDJ-plot. The x-axis represents 56 IGHV
genes ordered as on the chromosome. The y- and z-axis represents 27 IGHD and 6 IGHJ genes,
respectively. The volume of spheres on each node represents the number of reads. Red
spheres: un-annotated V, D, and J genes. The IgL reads are arrayed on the 2D-VJ-plot in which
the length of each bar represents the relative number of the reads. The x-axis represents 41
x IGLVk and 32 x IGLVA genes, and the y-axis represents 5 x IGLJk and 5 x IGLJA genes. The un-
annotated V- and J-genes are represented on the right borderline.

DISCUSSION:

The method described here utilizes NGS for antibody RNA amplified using the 5'-RACE
method. In contrast to methods that use degenerate 5'-Vy gene primers, mRNAs of each
antibody class are amplified evenly using universal forward primers. In addition, the use of
antisense primers specific for the constant-region 1 (CH1) of the antibody gene enables
repertoire profiling of specific immunoglobulin classes. This is very beneficial for dissecting
the class-specific antibody response, as well as for comparing naive and immunized
repertoires®?.

A most likely pitfall of the method is a paucity of amplified immunoglobulin messages. The
depth of antibody repertoire obtained by this protocol substantially depends on the PCR
amplification described in steps 3.1 and 3.2. If the repertoire depth is not properly obtained,
changing the ratios of template cDNA and primers in steps 3.2.1 or 3.2.2 is strongly
recommended.

Generally, approximately 20% of the antibody reads produced by NGS are ambiguous
sequences?l. Even with established "correction methods", 5-10% remain ambiguous3. We,
therefore, analyzed the sequence and filtered raw reads containing signature sequences
corresponding to immunoglobulin constant regions (CuH1, Cy1H1, Cy2cH1, etc.). Hence the
analysis of somatic hyper-mutations needs the careful examinations.

One of the limitations of this method is that immunoglobulin heavy and light chain pair is
unable to be inferred. Hence the repertoire view obtained by this method is not holistic.
However, it is possible to approximate the top-ranking pairs by statistical analysis of the
data®®. Also, a novel method to sequence the immunoglobulin pairs was reported recently3*.

The immunoglobulin sequences in the output .fna data were extracted based on the presence
of immunoglobulin gene signature sequences. The V, D, and J gene segments were then
annotated and the productivity of V(D)J rearrangements were assessed. The
complementarity-determining region 3 (CDR3) sequences were also annotated. These
systematic examinations of immunoglobulin sequences in .fna data were usefully provided by
the IMGT/HighV-QUEST server?>24. However, building an automated processing pipeline has
the merit to analyze the big experimental data. The pipeline customized for each purpose is
possible to set up by using the standalone IgBLAST protocol®®. This approach needs basic
programming literacy but is very useful for detailed analyses of the immunoglobulin system.
The pipelines described are the examples of the customized protocol (Figure 2).

The number of antibody reads is proportional to the amount of antibody RNAs in the sample,
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reflecting the antibody constituents of the antibody system at given time points>®2>, The
method described here gives a bird's eye view of the V(D)J constitution of an antibody
repertoire using R programs®1826,

The global view of IgM antibody repertoires of individual naive mice revealed a highly
conserved VDJ-profile as compared to those of IgG1 or 1gG2c8. It was reported that VD)
combinations of immature zebrafish are highly stereotyped®. In contrast, human VDJ
combinations are reported to be highly skewed®. The highly conserved deterministic VDJ-
profiles in naive B cells are probably generated either by skewed VDJ-rearrangements or
negative selection with auto-antigens presented in the body. For example, IGHV11-2 is
expressed preferentially in the fetal IgM repertoire?” and this predominance is attributed to
the autoreactivity of IGHV11-2 against senescent erythrocytes?’. Interestingly, IGHV11-2 was
also the most common major repertoire in our previously published analysis of naive IgM8.

The method described here is useful for deciphering antigen-responsive antibody repertoires
by inclusively analyzing the antibody-repertoire space generated in individual bodies,
avoiding inadvertent omission of key antibody repertoires®!C. This method also allows the
examination of detailed antibody network dynamism, which would facilitate accelerated
discovery of protective antibodies against newly emerging pathogens.
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Universal forward primer

5'- AAGCAGTGGTATCAACGCAGAGT-3'

Reverse primers for the mouse immunoglobulins (Ref.8)

IgM_CH1:
IgG1_CH1:
IgG2c_CH1:
IgG3_CH1:
IgA_CH1:
Igk_CH1:
IgA_CH1:

5'- CACCAGATTCTTATCAGACAGGGGGCTCTC -3
5'- CATCCCAGGGTCACCATGGAGTTAGTTTGG -3'
5'- GTACCTCCACACACAGGGGCCAGTGGATAG -3'
5'-ATGTGTCACTGCAGCCAGGGACCAAGGGA-3'
5'-GAATCAGGCAGCCGATTATCACGGGATCAC-3'
5'- GCTCACTGGATGGTGGGAAGATGGATACAG -3'
5'- CTBGAGCTCYTCAGRGGAAGGTGGAAACA -3

Reverse primers for the human immunoglobulins (Ref.14)

IgM_CH1.:
IgG_CH1:
IgD_CH1:
IgA_CH1:
IgE1_CH1:
IgE2_CH1:
Igk_CH1:
Ig\_CH1:

5'- GGGAATTCTCACAGGAGACG -3'

5'- AAGACCGATGGGCCCTTG -3'

5'- GGGTGTCTGCACCCTGATA -3'

5'- GAAGACCTTGGGGCTGGT -3'

5'- GAAGACGGATGGGCTCTGT -3

5'- TTGCAGCAGCGGGTCAAGGG -3'

5'- TGCTCATCAGATGGCGGGAAGAT -3'
5'- AGAGGAGGGCGGGAACAGAGTGA -3'
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Immunoglobulin class

Sense

Antisense

Mouse immunoglobulin heavy chains (C57BL/6)

IgM

IgG1

(IgG1 variant)
IgG2c

1gG3

IgA

AGTCAGTCCTTCCCAAATGTC
AAAACGACACCCCCATCTGTC
AAAACAACACCCCCATCAGTC
AAAACAACAGCCCCATCGGTC
GTGATCCCGTGATAATCGGCT
TCCCTTGGTCCCTGGCTGCAG

Mouse immunoglobulin light chains (C57BL/6)

IgK

Ighl
Igh2
IgA3
Ig\4

CTGTATCCATCTTCCCACCATCCAGTGAGC
TGTTTCCACCTTCCTCTGAAGAGCTCGAG
TGTTTCCACCTTCCTCTGAGGAGCTCAAG
TGTTTCCACCTTCCCCTGAGGAGCTCCAG
TGTTCCCACCTTCCTCTGAAGAGCTCAAG

Human immunoglobulin heavy chains

IgM GGGAGTGCATCCGCCCCAAC
IgG GCTTCCACCAAGGGCCCATC
IgA GCATCCCCGACCAGCCCCAA
IgD GCACCCACCAAGGCTCCGGA
IgE GCCTCCACACAGAGCCCATC
Human immunoglobulin light chains

Igk ACTGTGGCTGCACCATCTGC
Ig\1,2,6 GTCACTCTGTTCCCGCCCTC
IgA3,7 GTCACTCTGTTCCCACCCTC

GACATTTGGGAAGGACTGACT
GACAGATGGGGGTGTCGTTTT
GACTGATGGGGGTGTTGTTTT
GACCGATGGGGCTGTTGTTTT
AGCCGATTATCACGGGATCAC
TCCCTTGGTCCCTGGCTGCAG

GCTCACTGGATGGTGGGAAGATGGATACAG
CTCGAGCTCTTCAGAGGAAGGTGGAAACA
CTTGAGCTCCTCAGAGGAAGGTGGAAACA
CTGGAGCTCCTCAGGGGAAGGTGGAAACA
CTTGAGCTCTTCAGAGGAAGGTGGGAACA

GTTGGGGCGGATGCACTCCC
GATGGGCCCTTGGTGGAAGC
GACCGATGGGGCTGTTGTTTT
TCCGGAGCCTTGGTGGGTGC
GATGGGCTCTGTGTGGAGGC

GCAGATGGTGCAGCCACAGT
GAGGGCGGGAACAGAGTGAC
GAGGGTGGGAACAGAGTGAC
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Mouse IgH Total reads IgM lgG1 lgG2c

Input 475,144

IgC-containing 166,175 229,671 36,628

VDJ-productive 133,371 196,583 31,446

Mouse IglL Total reads IgKappa Iglambda

Input 527,668

IgC-containing 178,948 21,446

VJ-productive 160,924 16,988

Human IgH Total reads IgM IgG IgA IgD IgE
Input 1,582,754

IgC-containing 90,238 5,298 94,061 75,549 2,932
VDJ-productive 67,896 2,775 78,203 56,495 3
Human IgL Total reads IgKappa Iglambda

Input 1,582,754

IgC-containing 120,316 64,148

VJ-productive 97,169 52,324
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Table of Materials

Name of Material/ Equipment

0.2 mL Strip Tubes

100 bp DNA Ladder

2100 Bioanalyzer Systems
Acetic Acid

Agarose, NuSieve GTG
Ammonium Chloride
Chloroform

Dulbecco's PBS (-)“Nissui”

Company

Thermo Fisher Scientific
TOYOBO

Agilent Technologies
Wako

Lonza

Wako

Wako

NISSUI

Ethylenediamine-N,N,N',N'-tetraacetic Acid Disc Wako

Falcon 40 pum Cell Strainer

ling lock tube 1.7 mL

ling lock tube 2.0 mL

MiSeq Reagent Kit v2

MiSeq System

NanoDrop 2000c Spectrophotometer
Potassium Hydrogen Carbonate
PureLink RNA Mini Kit

Qubit 3.0 Fluorometer

Qubit dsDNA HS Assay Kit
SMARTer RACE 5’/3’ Kit

TaKaRa Ex Taq Hot Start Version
Trizma base

TRIzol Reagent

Ultra Clear gPCR Caps

UltraPure Ethidium Bromide

Wizard SV Gel and PCR Clean-Up System

Falcon

BM EQUIPMENT

BM EQUIPMENT

illumina

illumina

Thermo Fisher Scientific

Wako

life technologies

Thermo Fisher Scientific

Thermo Fisher Scientific

Clontech

Takara Bio Inc.

Sigma
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Catalog Number

AB0452
DNA-035
G2939BA /2100
017-00256
50084
017-02995
038-02606
08192
345-01865
352340
BM-15
BM-20
MS-102-2003

SY-410-1003

166-03275
12183018A
Q33216
Q32854
634858
RROO6A

T6066

AmbionThermo Fisher Scientific 15596026

Thermo Fisher Scientific

Thermo Fisher Scientific

Promega

ABO0866

15585011

A9282

Comments/Description

120 strips

0.5mL

500 mL

500 g

500 mL

500 g

50/Case

500 cycles

500 g

500 assays

lkg
100 mL

120 strips
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of the Article, desires to have the JoVE publish the Article
and create and transmit videos based on the Article. In
furtherance of such goals, the Parties desire to memorialize
in this Agreement the respective rights of each Party in and
to the Article and the Video.

3. Grant of Rights in Article. In consideration of JoVE
agreeing to publish the Article, the Author hereby grants to
JoVE, subject to Sections 4 and 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to
publish, reproduce, distribute, display and store the Article
in all forms, formats and media whether now known or
hereafter developed (including without limitation in print,
digital and electronic form) throughout the world, (b) to
translate the Article into other languages, create
adaptations, summaries or extracts of the Article or other
Derivative Works (including, without limitation, the Video)
or Collective Works based on all or any portion of the Article
and exercise all of the rights set forth in (a) above in such
translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and(c) to license others to do any
or all of the above. The foregoing rights may be exercised in
all media and formats, whether now known or hereafter
devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in Item 1 above, JoVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC License.

For questions, please contact us at submissions@jove.com or +1.617.945.9051.
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4, Retention of Rights in Article. Notwithstanding
the exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE’s copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.

5. Grant of Rights in Video — Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE.

6. Grant of Rights in Video — Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum
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rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JoOVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author’s name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11. JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JOVE may, in its sole
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to

ARTICLE AND VIDEO LICENSE AGREEMENT

the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shall include JoVE's attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.

CORRESPONDING AUTHOR
Name:
Kazuo OHNISHI
D t t:
epartmen Department of Immunology
Institution: National Institute Infectious Diseases
Title: Senior  Scientist, Ph.D.
Signature: K W Date: July 19, 2018

Please submit a signed and dated copy of this license by one of the following three methods:
1. Upload an electronic version on the JoVE submission site

2. Fax the document to +1.866.381.2236

3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140
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Rebuttal Letter Click here to access/download;Rebuttal :
Letter;01f_JoVE58804_R1_RE_ResponseToEditorialComment

Responses to the Editorial comments:

Editorial comments:
1. The editor has formatted the manuscript to match the journal's style. Please retain
the same.

# Response: We retained the format made in the manuscript.

2. Please address specific comments marked in the manuscript.

# Response: We addressed the specific comments as follows:

Comment[1]: We agree with this comment.

Comment[2]: We agree with this comment.

Comment[3]: We agree with this comment.

Comment[4]: The word ‘female’ was removed. The word 'pass' was replaced by
'smash’.

Comment[5]: The word 'in the tissue' was added.

Comment[6]: The word 'tissue' was added.

Comment[7]: A step describing RNA quantitation was added as step 2.9.
Comment[8]: We explained about the human sample in Note, line 169-171.
Comment[9]: The words 'lllumina index primers' were changed to 'index sequence
primers'.

Comment[10]: The step was expanded to explain this procedure (3.3.1 - 3.3.4).
Comment[11]: The number of immunoglobulin classes amplified and the yields were
explained in the Notes added.

Comment[12]: The step was explained further.

Comment[13]: The explanation was expanded.

Comment[14]: The step was explained further.

Comment[15]: We understand this comment.

Comment[16]: Table 2 (signhature sequences) was referred.

Comment[17]: IgBLAST was referred.

Comment[18]: Some troubleshooting and limitations were added.

3. We cannot film scripting steps. We can film steps involving graphical user interface,


http://www.editorialmanager.com/jove/download.aspx?id=904984&guid=5fcb81e7-c9ef-43ef-84eb-33ebbac9e1c1&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=904984&guid=5fcb81e7-c9ef-43ef-84eb-33ebbac9e1c1&scheme=1

button clicks, knob turns, discrete experimental steps only.
# Response: We understand this and changed the highlighted part in the

manuscript.

4. if any of the figures are reused from previous publications, please obtain explicit
copyright permission and upload it to your editorial manager account.
# Response: We obtained the explicit copyright permission for the Figure 1 and

2.

5. Please reword lines 444 and line 446-447 as it matches with the previously
published literature.

# Response: The lines 444 and line 446-447 were reworded.
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Posting licensed content on Electronic reserve: In addition to the
above the following clauses are applicable: The web site must be
password-protected and made available only to bona fide students
registered on a relevant course. This permission is granted for 1 year only.
You may obtain a new license for future website posting.

17. For journal authors: the following clauses are applicable in addition to
the above:

Preprints:

A preprint is an author's own write-up of research results and analysis, it
has not been peer-reviewed, nor has it had any other value added to it by
a publisher (such as formatting, copyright, technical enhancement etc.).
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o directly by providing copies to their students or to research
collaborators for their personal use

o for private scholarly sharing as part of an invitation-only work
group on commercial sites with which Elsevier has an agreement

e After the embargo period

o via non-commercial hosting platforms such as their institutional
repository

o via commercial sites with which Elsevier has an agreement

In all cases accepted manuscripts should:

e link to the formal publication via its DOI

e bear a CC-BY-NC-ND license - this is easy to do

¢ if aggregated with other manuscripts, for example in a repository or
other site, be shared in alignment with our hosting policy not be
added to or enhanced in any way to appear more like, or to
substitute for, the published journal article.

Published journal article (JPA): A published journal article (PJA) is the
definitive final record of published research that appears or will appear in
the journal and embodies all value-adding publishing activities including
peer review co-ordination, copy-editing, formatting, (if relevant) pagination
and online enrichment.

Policies for sharing publishing journal articles differ for subscription and
gold open access articles:

Subscription Articles: If you are an author, please share a link to your
article rather than the full-text. Millions of researchers have access to the

formal publications on ScienceDirect, and so links will help your users to
find, access, cite, and use the best available version.

Theses and dissertations which contain embedded PJAs as part of the
formal submission can be posted publicly by the awarding institution with
DOl links back to the formal publications on ScienceDirect.

If you are affiliated with a library that subscribes to ScienceDirect you have
additional private sharing rights for others' research accessed under that
agreement. This includes use for classroom teaching and internal training
at the institution (including use in course packs and courseware
programs), and inclusion of the article for grant funding purposes.

Gold Open Access Articles: May be shared according to the author-
selected end-user license and should contain a CrossMark logo, the end
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Please refer to Elsevier's posting policy for further information.

18. For book authors the following clauses are applicable in addition to
the above: Authors are permitted to place a brief summary of their work
online only. You are not allowed to download and post the published
electronic version of your chapter, nor may you scan the printed edition to
create an electronic version. Posting to a repository: Authors are
permitted to post a summary of their chapter only in their institution's
repository.
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electronic form. Should your thesis be published commercially, please
reapply for permission. These requirements include permission for the
Library and Archives of Canada to supply single copies, on demand, of the
complete thesis and include permission for Proquest/UMI to supply single
copies, on demand, of the complete thesis. Should your thesis be
published commercially, please reapply for permission. Theses and
dissertations which contain embedded PJAs as part of the formal
submission can be posted publicly by the awarding institution with DOI
links back to the formal publications on ScienceDirect.

Elsevier Open Access Terms and Conditions
You can publish open access with Elsevier in hundreds of open access

journals or in nearly 2000 established subscription journals that support
open access publishing. Permitted third party re-use of these open access
articles is defined by the author's choice of Creative Commons user
license. See our open access license policy for more information.

Terms & Conditions applicable to all Open Access articles published
with Elsevier:

Any reuse of the article must not represent the author as endorsing the

adaptation of the article nor should the article be modified in such a way
as to damage the author's honour or reputation. If any changes have been
made, such changes must be clearly indicated.

The author(s) must be appropriately credited and we ask that you include
the end user license and a DOI link to the formal publication on
ScienceDirect.

If any part of the material to be used (for example, figures) has appeared
in our publication with credit or acknowledgement to another source it is
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the responsibility of the user to ensure their reuse complies with the terms
and conditions determined by the rights holder.

Additional Terms & Conditions applicable to each Creative Commons
user license:

CC BY: The CC-BY license allows users to copy, to create extracts,
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