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The neonatal Fc receptor (FCRn) plays key roles in IgG and albumin homeostasis,
maternal IgG transport, and antigen presentation of IgG-opsonized antigens. Previously,
we reported that transgenic (Tg) mice that overexpress bovine FcRn (bFcRn) have
augmented T-dependent humoral immune response with increased IgG protection,
higher level of antigen-specific antibodies, greater number of antigen-specific B cells,
and effective immune response even against weakly immunogenic epitopes. In this study
we analyzed the diversity of the humoral immune response of bFcRn Tg mice, using a
length distribution analysis (spectratyping) and next generation sequencing (NGS) of the
immunoglobulin heavy chain variable regions. Our analysis showed that in response to
immunization with ovalbumin or transfected cells that expressed a uniqgue membrane
protein, our Tg animals developed a more diverse plasma cell repertoire than controls,
which manifested in greater numbers of different clones, and clusters with fewer highly
expanded large clones, as identified by the variable region (CDR3) of the immunoglobulin
heavy chain. The increased antibody diversity in Tg mice after immunization was
observed at both IgM and IgG levels, indicating that the increased humoral immune
diversity in Tg mice is due to a higher number of both activated, antigen-specific naive and
isotype switched B cells. We thus demonstrated that the BCR repertoire of the immunized
bFcRn Tg animals is more diverse compared to wild type mice, which likely makes these
Tg mice a better choice for monoclonal antibody production against challenging antigens,
including the extracellular regions of cell membrane proteins.

Keywords: B cell repertoire, next generation sequencing, FcRn overexpression, humoral immune response,
monoclonal antibody production

INTRODUCTION

In recent years, there has been an increasing demand for the development of faster and more
efficient technologies to produce high-affinity monoclonal antibodies (mAb) against specific
epitopes of targets that are weakly immunogenic or even tolerogenic. One of these technologies
is to use genetically modified mice with enhanced humoral immune response.

Amongst the receptors for Fc portion (FcRs) of immunoglobulin (Ig) molecules, FcRn is one
of the key players that regulates IgG homeostasis and was originally identified as the protein
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that regulates IgG catabolism (1) and mediates maternal IgG
transport (2, 3). FcRn was shown to bind IgG in a strictly pH-
dependent manner, with binding occurring at slightly acidic pH
(4, 5), and it is composed of a major histocompatibility complex
(MHC) class I-like a-chain and the p2-microglobulin (B2M)
(6). Similarly to other FcRs (PMID: 31130948, PMID: 11244038,
PMID: 10586892, PMID: 2140512, PMID: 12524384), FcRn was
also found to have important impacts on immune homeostasis in
different ways. It has a dominant role in regulating the transport
of IgG within and across cells of diverse origins, and it also
serves to rescue IgG and albumin in capillary endothelial and
hematopoietic cells from degradation, prolonging their half-lives
(7, 8). In addition, FcRn was demonstrated to facilitate antigen
(Ag) presentation in case of Ag-IgG immune complexes (IC) by
professional antigen-presenting cells (APCs) stimulating MHC
class IT and also MHC class I-related T-cell activation (9).

We have previously shown that overexpression of the FcRn in
transgenic (Tg) mice and rabbits extended IgG half-life (10, 11).
These mice also have augmented T dependent humoral immune
response, which manifests in higher antigen specific antibody
titers, greater number of antigen specific, activated T helper cells,
increased number of activated antigen specific B cells, bigger
spleen, and increased size and numbers of germinal centers in
the spleen after intraperitoneal immunization (12-16). A larger
pool of antigen specific B cells facilitates monoclonal antibody
(mAb) discovery as it allows more effective identification of the
appropriate B-cell clones either using standard hybridoma or
novel high throughput technologies. In this study we sought to
elucidate whether the increased number of antigen specific B cells
in these Tg animals was simply the result of a greater expansion of
the same number of originally activated B cells, or it also reflected
an increased variability among naive B cells generated during an
immune response. Obviously, greater diversity would further aid
mAb discovery by allowing the identification of mAbs that are
specific for unique epitopes and/or have unique characteristics.

Using a microarray-based oligopeptide scanning study, we
have previously demonstrated that ovalbumin immunization
results in a greater breadth of immune response (as tested on
a large array of oligopeptides) in the Tg mice compared with
wild type controls (14). These results, and the fact that the Tg
animals that overexpress FcRn were able to produce high quality
antibodies against weakly immunogenic and very challenging
antigens suggested that they have an increased diversity of B-cell
repertoire (17, 18).

Diversity in the primary antibody repertoire (before
exogenous antigen exposure) stems from the allelic diversity
in immunoglobulin gene segments, combinatorial diversity
introduced during somatic recombination, junctional diversity
caused by the imprecision of the recombination process, pairing
of IgH and IgL polypeptide chains, and receptor editing, wherein
the existing V-gene segment is replaced with another. Most of
the diversity in the naive antibody repertoire is concentrated
at the site of IgH VD] gene segment junction, also known as
the IgH complementarity-determining region 3 (CDR-H3).
Diversification of the post-antigen-stimulation secondary
antibody repertoire stems from somatic hypermutation and
class-switch recombination (19).

There are many different techniques which can be used for
analyzing the B-cell repertoire at nucleotide level (20). CDR3
spectratyping reveals the length distribution of the regions: it
cannot distinguish between individual sequences, but it can
provide a quick insight into the diversity of the repertoire
(21). In this study, we used a similar approach, where we
analyzed the length of the whole variable region, not just the
CDR3, to get an insight into the diversity of the antibody
repertoire. More recently, next generation sequencing (NGS) has
become a powerful and sensitive tool for analyzing antibody
repertoire diversity (19, 22, 23). Using appropriate protocols,
error correction pipelines (24), and bioinformatic evaluation
programs, the Ig-seq (high-throughput DNA sequencing of
immunoglobulin genes) can provide a broad, deep and correct
picture of the antibody repertoire (25). To study the diversity
of the humoral immune response of Tg mice, we first analyzed
the length distribution of the variable regions of immunized wild
type (wt) and Tg mice by spectratyping. Then, we compared
the antibody repertoires of Tg and wt mice before and after
immunization with different antigens, by performing Ig-seq of
both IgG and IgM repertoires.

MATERIALS AND METHODS

Animals

We used hemizygous Tg mice that carry five copies of the
bFcRn a-chain encoding gene (bovine FCGRT) in addition to the
endogenous mouse FCGRT gene on BALB/c genetic background
[BALB/c_Tg5_Bfcgrt] (12). Wt BALB/c mice were littermates
of the Tg animals born from hemizygous breeding. Mice were
kept under specified pathogen free (SPF) conditions in individual
ventilation cages (IVC) in the animal house of the Department of
Immunology, E6tvos Lordnd University, Budapest, Hungary.

Ethics Statement

Experiments on mice were carried out in strict accordance with
the recommendations of the Guide of the Institutional Animal
Care and Ethics Committee at Eotvos Lorand University, in
accordance with permissions PEI/001/2196-2/2013 issued by
the Food Chain Safety and Animal Health Directorate of the
Government Office of Pest County, Hungary.

Mouse Immunization

Different immunization protocols were used for each experiment
(Table 1). Briefly, 7-8 weeks old female wt or Tg mice (minimum
of four in each group) were immunized either with ovalbumin
(OVA, Sigma), 3T3-ABCC1 or HEK-ABCCI cells (i.e., 3T3 or
HEK cells stably transfected with human multidrug resistance-
associated protein 1 encoded by the ABCC1 gene), provided by
Andras Varady, Hungarian Academy of Sciences, Institute of
Enzymology. In case of OVA immunizations, the animals were
intraperitoneally (i.p.) immunized with 50 g OVA in complete
Freund adjuvant (CFA) (1:1, Sigma) and boosted 21 days later
with 25 pg OVA in incomplete Freund adjuvant (1:1, Sigma).
Animals were sacrificed on day 24 for NGS or length distribution
analysis. In case of cellular immunizations (3T3-ABCC1, HEK-
ABCC1) the mice were i.p. immunized with 5*10E6 cells in CFA
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TABLE 1 | Immunization protocols with different antigens.

TABLE 2 | Summary of different experimental setups.

Time Ovalbumin HEK-ABCC1 3T3-ABCC1 Experiment Animals  Antigen Cells used Isotype Analysis
Day 0 50 ng OVA +CFA 5*10E6 cells + CFA  5*10EB cells + CFA #1 4 wtand 4 OVA CD138* cells  IgG Length
Day 14 5*10E6 cells + IFA  5*10E6 cells + IFA Tg distribution
analysis
Day 21 25 pug OVA + IFA
- +
Day 24  NGS or length #2 ?wt and 2 r;grr:] - CD138* cells  1gG NGS
distribution analysis 9 immuniz
"
Day 28 510E6 cells + IFA  510E6cells + IFA  ° _?th and6 OVA CD138" cells  19G NGS
D FCM analysi FCM analysi
ay 35 CM analysis CM analysis #4 4wtand 4 OVA OVA specific  I1gG NGS
Day 63 5*10E6 cells + IFA  5*10E6 cells + IFA Tg CD19+ cells
Day 66 NGS analysis NGS analysis #5 3wtand 3 OVA OVA specific  IgM NGS
Tg CD19* cells
#6 3wtand 4 HEK-ABCC1CD138% cells  IgG NGS
Tg
(111) and boosted 14, 28, and 63 days later with 5*10E6 cells in #7 Awtand 4 3T3-ABCC1 CD138t cells 19G NGS
IFA (1:1). Sera were analyzed by flow cytometry (FCM) on day 21 Tg

and 35 to detect ABCC1 specific immune response, and animals
were sacrificed on day 66 for NGS. 10-11 weeks old female mice
were used to obtain the non-immunized samples.

Cell Isolation and Sorting
For the analysis of the B-cell repertoire the spleen was isolated
from the animals and was disintegrated using syringe in GKN
(0.4 g/l KCl, 8 g/l NaCl, 1.77 g/l Na,HPO4-2H,O, 0.69 g/l
NaH,PO4 H,O, 2 g/l glucose, 10 mg/l phenol red). Red blood
cells were lysed for 90s in ACK (8.3 g/l NH4CI, 1 g/l KHCO;3,
0.038 g/l Na,EDTA, pH 7.3) solution, then the rest of the cells
were filtered through a cell strainer (70 wm, Bd Falcon). The
cells were counted by Biirker chamber, and the concentration
was adjusted to 10E8 cell/ml in FACS bufter (PBS, 1% FCS, 0.1%
Na-azide). 0.5 pg/mL PE-conjugated anti-CD138 antibody (BD
Pharmingen) was added to the cell suspension on ice, for 25 min.
The cell suspension was then washed twice with 3-3 ml FACS
buffer. Finally, cells were resuspended in FACS buffer in 5*10E7
cell/ml concentration for sorting. The CD138™" cells were sorted
out using FACS ARIA III (BD), and were subsequently lysed in
lysis buffer (RNeasy plus mini kit, Qiagen) for RNA isolation.

For the analysis of the OVA-specific B-cell repertoire the
similarly prepared splenocytes were incubated with Alexa488
conjugated (Invitrogen) OVA (5 pg) and PerCP-Cy5.5 labeled
anti-CD19 antibody (BD Pharmingen) for 25 min.

The whole spleen was prepared unless indicated otherwise.

ELISA Measurements of the OVA Specific

Antibody Titer

High-binding ELISA plates (Costar 9018, Corning, NY)
were coated with OVA (2ug/ml, Sigma-Aldrich) in 0.1M
sodium carbonate-bicarbonate buffer (pH 9.6) for 2h at room
temperature and then were washed with 0.1 M PBS (pH 7.2)
containing 0.05% Tween 20 (PBS-Tween). Serially diluted serum
samples were added to the wells (1:5 serial dilution beginning
from 1:1,000) and incubated for 1h at room temperature. After
washing again with PBS-Tween, bound serum Ab was revealed
by HRP-labeled goat anti-mouse IgG (1:5,000-fold dilution,
Southern Biotechnology Associates). The peroxidase-conjugated
Abs were detected using tetramethylbenzidine (Sigma-Aldrich)

In the case of experiment 6 and 7 only a quarter of the spleen was used.

as the substrate, and OD at 450nm was measured with the
Multiscan ELISA Plate Reader (Thermo EC). Serial dilutions
of each serum sample were applied, and OVA specific IgG
titers as end-point titers were determined by GraphPad Prism
5 non-linear regression to the hyperbolic saturation function
(end-point titer: the dilution factor of the sera where the OD
value is 0.1).

Length Distribution Analysis of the Heavy

Chain Variable Regions

Total RNA was isolated from CD138" splenocytes of wt and
Tg animals (Table2) using RNeasy plus mini kit (Qiagen)
according to the manufacturer’s protocol. RNA concentration
was measured on a Nanodrop ND-1000 spectrophotometer.
Next, IgG-specific cDNA of total mRNA was prepared with 12.5
1 of total RNA using the following conditions: Maxima reverse
Transcriptase (Thermo Fisher Scientific, 200 U), Ribolock RNAse
inhibitor (20 U), 5*RT buffer, ANTP mix (0.5 mM each), RTCY
primer (100 pmol), 30 min 50°C, 10 min 85°C.

PCR amplification of the antibody variable region was
conducted in total volume of 25 Wl, containing 4 1 cDNA,
1.25U DreamTaq (Thermo Fisher Scientific), 10*DreamTaq
buffer, 0.3 mM dNTP (each), 3.5mM MgCl,, and 0.1 uM Vg
specific primer (each) that anneal to framework region 1 (26).
Following an initial denaturation step at 95°C for 5min, PCR
was conducted with 40 cycles of denaturation at 94°C for 50s,
annealing at 62°C for 505, and extension at 72°C for 50's, with
a final extension step at 72°C for 5 min. The IgG-specific reverse
primers were fluorescently labeled with FAM [primers are listed
in (26)]. This amplification results in apr. 430-545 bp length
fragments, and an aliquot of 5 pl of each PCR amplicon was
electrophoresed on 1.5% agarose gel for size check and 10 pl from
each sample was sent for capillary gel electrophoresis (Biomi
Ltd, Hungary). The returned data were analyzed with the Peak
Scanner software (Applied Biosystems).
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Using this tool, the diversity of the antibody repertoire can be
characterized by two measures: the number of peaks of different
Vu lengths and the distribution of these peaks. To describe this
distribution, we used diversity indexes (Shannon index, Inverse
Simpson index), adopted from ecology (20, 21). By definition, the
values of these indexes are bigger if there are a greater number of
different length peaks in the sample, and/or the distribution of
sequence lengths is more even.

cDNA Library Generation for Next

Generation Sequencing
Total RNA was purified from CD138T or OVATCDI19"
splenocytes of wt and Tg animals (Table2) using RNeasy
plus mini kit (Qiagen) according to the manufacturer’s
protocol. RNA concentration was measured on a Nanodrop
ND-1000 spectrophotometer. The 5 RACE approach was
used for the generation of cDNA library to eliminate errors
caused by multiplex primers. Oligo(dT)- or IgG-specific
cDNA library was generated using SMARTScribe reverse
transcriptase (Clontech) from 4 pl of total RNA, according
to the manufacturer’s protocol. Smart NNNNa was added for
all samples, a 5" adaptor carrying dU nucleotides (U) and a
unique molecular identifier (UMI) consisting of 14 random “N”
nucleotides ~ (AAGCAGUGGTAUCAACGCAGAGUNNNN-
NUNNNNUNNNNNUCTTrGrGrGrG), for the template switch
and cDNA synthesis reaction, which was carried out at 42°C
for 60 min and terminated at 70°C for 15 min. cDNA synthesis
products were treated with uracil-DNA glycosylase (New
England BioLabs, 5 U per reaction) at 37°C for 30 min.

Two-stage PCR amplification was carried out to amplify the
IgG-specific antibody variable region. For the first PCR, universal
forward and IgG-specific reverse primers were used (primers are
listed in Supplementary Table 1). The reaction was conducted in
total volume of 20 1, containing 1 pl cDNA, 0.5 U Phusion DNA
polymerase (Thermo Fisher Scientific), 5*Phusion HF buffer,
0.4 mM dNTP (each), 0.1 uM primer (each). Following an initial
denaturation step at 98°C for 30s, PCR1 was conducted with
18 cycles of denaturation at 98°C for 155, annealing at 63°C
for 20s, and extension at 72°C for 20s, with a final extension
step at 72°C for 5min. The product was gel electrophoresed
in 1.5% agarose gel and the appropriate-sized product (550-
650 bp) was gel excised and purified using NucleoSpin Gel and
PCR Clean-up (Macherey-Nagel). For the second PCR 1 pl of
purified PCR1 product was used per 50 1. The same reaction
conditions were used, except for the cycle number (25 instead of
18) and the primers (universal forward primer2 and IgG-specific
reverse primer2 was used (Supplementary Table 1). The product
was gel electrophoresed in 1.5% agarose gel and the appropriate
sized product (500-600 bp) was gel excised and purified using
NucleoSpin Gel and PCR Clean-up (Macherey-Nagel).

In the case of IgM-specific PCR, only the second PCR was
performed, with 30 cycles, and an IgM-specific reverse primer.

Ilumina adaptors were ligated using Ovation Ultralow Library
System V2 (NuGEN) according to the manufacturer’s protocol.
The DNA concentration of the library was measured using Qubit
and Real-time PCR, and libraries were submitted for a final

quality control step on a Bioanalyzer 2100 (Agilent) prior to
sequencing. Different barcodes were used for each sample, so that
30-35 samples could be analyzed in parallel.

Sequencing and Bioinformatics

All samples were sequenced on the Illumina Miseq platform
with 250 bp pair-end chemistry. The forward and reverse reads
were error corrected (based on the UMI) using the MIGEC
pipeline (27). The error corrected reverse reads with an average
Phred base quality score of over 20 were selected and submitted
to the IMGT/HighV-QUEST server (IMGT®, the international
ImMunoGeneTics information system®). The output data was
used to calculate several diversity measures (number of different
clonotypes, the number of large clones, V gene usage) in
Python and R, using the igraph package to identify clusters
of related sequences (28). Statistical analyses were performed
using GraphPad Prism 5 software. No correction was used for
multiple comparisons.

Flow Cytometry

For flow cytometry 3T3 and 3T3-ABCC1 or HEK and HEK-
ABCCI cells were used. The cells were counted, and the
concentration was adjusted to 2E5 cell/well in FACS buffer (PBS,
1% FCS, Na-Azide). In each case 1:1,000 diluted sera (day 35
of immunization) of differently immunized wt and Tg mice
were added to the cell suspensions on ice, for 25min. The
cell suspension was washed twice with 200 pl FACS buffer.
Then eFluor 660 labeled goat anti-mouse antibody (Invitrogen)
was added to each samples in 1:1,000 dilution for 25min on
ice. After washing twice with 200 pl FACS buffer, cells were
resuspended in 100 pl FACS buffer. Samples were analyzed by
flow cytometry using the high throughput plate function of the
Cytoflex (BectonDickinson) instrument.

For positive control, MRPr1 (abcam) antibody was used in
1:50 dilution, which is specific for the inside loop of the ABCC1
receptor. Because of this, the cells were fixed (2% PFA, 10 min)
and permeabilized (0.1% TritonX, 10 min) before labeling. The
same protocol was used as described before, except Alexa® 488
labeled goat anti-rat antibody (abcam) was used as secunder
antibody in 1:1,000 dilution.

RESULTS

Increased Number of Splenocytes and
Plasma Cells, and Higher Ab Titers in Tg
Mice

The ovalbumin immunized animals (10 wt and 10 Tg) were
sacrificed on day 24 (Table1). We measured the weight of
the spleen and counted the number of splenocytes by Biirker
chamber. Tg mice had larger spleens, and contained significantly
more splenocytes compared to the wt animals (Figures 1A,B).
After labeling the CD138% cells, we sorted out nearly twice as
many plasma cells from the Tg spleens (Figure 1C). Two-fold
difference was detected in the case of the antigen specific antibody
titers as well (Figure 1D). These results are in line with our
previously reported observations (16).
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FIGURE 1 | Immunization resulted in a great difference in the spleen size, the splenocyte number and the antigen specific antibodly titer between the Tg and wt mice.
After OVA immunization, animals were sacrificed on day 24. The weight of the spleens (A), the number of splenocytes (B) and CD138* cells (C) were measured.
There was almost a 2-fold difference in favor of Tg animals in each case. Blood samples were collected on 3 different days during the immunization protocol and the
antigen specific antibody titers were measured with ELISA (end-point titer: the dilution factor of the sera where the OD value is 0.1) (D). The Tg animals had higher
titers at all timepoints. Horizontal black lines and colored error bars represent the mean + SEM of the data. Individual points correspond to specific animals.
Differences between mean values were tested using unpaired t-tests. Statistically significant results are marked with asterisks (*p < 0.05, **p < 0.01, **p < 0.001).

Length Distribution Analysis of the Heavy
Chain Variable Regions Indicates
Increased Diversity of B-Cell Response in
Tg Mice

We performed a length distribution analysis using CD138%
cells from 4 wt and 4 Tg animals after OVA immunization. Tg
animals produced 1.5 times more distinct length groups of IgG
sequences (54 vs. 36 in the pooled data) and displayed 4 times
as many unique peaks (24 vs. 6), compared to the wild type
animals (Figure 2A). The diversity indices show that Tg animals
had a more diverse length distribution, compared to wt mice
(Figure 2B), even when we pooled either the spectratyping data
derived from the animals after the analysis (Figure 2C), or the
cDNAs before the reaction (Supplementary Figure 1A). These
data clearly show that Tg animals had a more diverse immune
repertoire after OVA immunization.

The Strategy of the NGS Analysis,

Bioinformatics Pipeline

Different experiment strategies were set up to analyze the
diversity of the B-cell repertoire of Tg and wt mice by NGS. We
used different antigens, immunization schedules and analyzed
different cells and Ig isotypes to perform a deep investigation of
the repertoires (Table 2). A unique molecular identifier (UMI)
was added to all sequences to allow for an UMI-based error
correction pipeline and to eliminate PCR bias, using the MIGEC
tool (27). The error corrected sequences were uploaded to
the IMGT/HighV-QUEST server and only sequences deemed
“productive” have been selected for further analysis steps. We
used different measures to investigate the diversity of the samples.
There is no clear agreement in literature on which B-cell clone
definition is the most suitable and best available, so we used two
approaches in our analyses. First, we determined the number of
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FIGURE 2 | Length distribution analysis of the variable regions of the Tg and wt mice. The animals were immunized with OVA and were sacrificed on day 24. (A) Data

from 4 wt and 4 Tg animals were summarized and illustrated in one graph. The Tg animals contained sequences with more distinct lengths (pie chart: 24 unique + 30

common = 54 Tg altogether vs. 6 unique + 30) common = 36 wt altogether (common: it was found in the wt and Tg samples as well) and their sequence length
(Continued)
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where the data from 4 wt and 4 Tg animals are illustrated in two individual graphs.

FIGURE 2 | distribution was more even (bar chart). Sequence lengths unique to either wt or Tg mice are illustrated in blue and red, respectively. (B) Diversity indices
(Shannon, Inverse Simpson) for wt and Tg samples. Horizontal black lines and colored error bars represent the mean + SEM of the data. Individual points correspond
to specific animals. Pooled columns represent results obtained when pooling samples at cDNA level. Differences between mean values were tested using
Mann-Whitney test. Statistically significant results are marked with asterisks (o < 0.05). (C) Length distribution analysis of the variable regions of Tg and wt mice,

different CDR3 sequences at the amino acid (AA) level (‘CDR3”).
Second, beside the CDR3 region, the origins of the V and ] gene
segments (obtained from the IMGT analysis) were considered
as well (“CDR3VTJ”). In addition, we calculated the number of
dominant clones in the samples. We considered a clone dominant
if the ratio of its supporting sequences (defined at the nucleotide
level) exceeded 0.5% of all sequences in the given sample (29).
If a sample contains a greater number of dominant clones, the
diversity is smaller because the distribution of sequences is less
even. To assess if there was a difference in the diversity of
activated naive B cells between the samples, two further analyses
were performed. First, we determined the number of distinct
sequences in the samples that did not contain any deviation from
the germline sequence in the V and J genes (VJ100), and can
therefore be assumed to be derived from a naive B cell. Second,
we carried out a network analysis with individual sequences as
nodes, where sequences that differed only in one amino acid in
their CDR3 region were linked (edges). Due to the high similarity
of linked sequences, clusters of the graph represent a group of
sequences likely originating from a single common naive B cell.
Thus, the number of clusters can be interpreted as the number of
different activated naive B cells in the given animal.

In conclusion, a sample with a highly diverse immune
repertoire should contain many different sequence clones
(regardless of the exact definition) and a large number of clusters
in its graph (thus many different naive B cells), and single clones
or clusters should not be supported by an overly large ratio of the
sequenced reads.

Increased Diversity of CD138" Plasma
Cells Before and After OVA Immunization
in Tg Mice

In our first experiment, 6 wt and 6 Tg animals were immunized
with OVA using the same protocol as for spectratyping (Table 2),
then CD138" cells were sorted (Supplementary Figure 2A)
and the CDR3 (V]) genomic region was analyzed by NGS.
We observed that Tg animals produced a significantly larger
number (~1.3 times more than wt mice) different CDR3
and CDR3V] clones (Figure 3, Supplementary Table 2). They
contained significantly fewer large clones as well, which also
suggests, that they have a more diverse immune repertoire. After
this assessment, we performed a network analysis (Figure 4) and
determined the number of unmutated V and ] sequences (V]100,
no deviation from the germline sequence). The results indicate
that Tg mice contained more than twice as many different VJ100
sequences and harbored a 1.6 times more clusters compared
to the wild type animals, suggesting that the original number
of responding naive B cell clones was also higher in these
animals (Figure 3). We analyzed the V and ] gene usage (data

not shown) and the number of mutations in the V gene as
well (Supplementary Figure 3), but we did not find significant
differences between the animals.

We also analyzed the CD138" cells of non-immunized
animals, and could observe little difference between the animals
(Supplementary Figure 4). Remarkably, the number of distinct
CDR3 or CDR3V] sequences was about 4- or 5-fold smaller in the
non-immunized compared with immunized animals, indicating
that the majority of the repertoire after immunization arose in
response to the challenge. Although sample size was small, these
observations suggest that the difference in diversity of CD138"
B-cell repertoire in the previous experiment was probably due
to the different efficiency of immunization. In addition, if we
subtract the number of CDR3 or CDR3V] clones we got from
the non-immunized animals from those of immunized ones, the
difference between the animals are even more pronounced, i.e.,
Tg mice had ~1.4 times more new CDR3 or CDR3V] clones after
immunization that wt ones.

It is well-known that the CDR3 length distributions tend to be
normally distributed. In the present study, the length distribution
of the wt and Tg mice were analyzed through test of normality
after immunization (Supplementary Figures 5A,B). We found
that the CDR3 length distribution of Tg animals was very similar
to that of the wt animals, and both conformed to normality.

Increased Diversity of OVA Specific CD19+
Cells After OVA Immunization in Tg Mice

To investigate the antigen specific B-cell repertoires of the
animals, we sorted the CD19" OVA specific B cells from spleens
of OVA immunized Tg and wt mice (Supplementary Figure 2B)
and generated IgG- and IgM-specific cDNA libraries from these
samples for NGS analyses.

At IgG level, we detected a 1.25 times increase in the number
of different clones, 0.78 times reduction in the number of large
clones, 1.28 times increase in the number of different clusters,
and essentially no difference in the number of VJ100 sequences
in the Tg mice as compared to their wt controls (Figure 3,
Supplementary Figure 6). Of these, the changes in the number
of distinct clones were statistically significant.

At IgM level, the differences between the two groups were
even more pronounced. The Tganimals had nearly twice as many
different clones (1.75 times), and half as many large clones (0.6
times) than wt mice. Tg mice also had 1.53 times more distinct
VJ100 sequences and 1.74 times more clusters as well (Figure 3,
Supplementary Figure 6). However, due to the small number of
animals, none of these results were statistically significant.

We also analyzed the number of mutations in the
V genes, and found no difference between the two
groups. As could be expected, IgM sequences contained
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FIGURE 3 | Summary of diversity measures obtained from NGS analysis. The animals were immunized with OVA or cellular antigens and were sacrificed on day 24 or
day 66 (see Table 1). Different cell types (CD138" or CD19TOVA™) were sorted and the Ig repertoires were analyzed by NGS. Results for different diversity measures
are plotted in each row, with various immunization protocol, antigen, cell type, and Ig isotype combinations represented in each column. Number of different CDR3
sequences (AA): Sequences with different CDRS region at the amino acid level. Number of different CDR3VJ sequences (AA): Sequences with different CDR3 region
at the amino acid level and with different V and J gene usage. Number of clusters (AA): Sequences that differ only in one amino acid in their CDR3 region were
grouped into one cluster. Number of VJ100 sequences (nt): Different nucleotide sequences in the samples that did not contain any deviation from the germline
sequence in the V and J genes. Number of large clones (0.5%) (nt): We considered a clone large if the proportion of its nucleotide sequences exceeded 0.5% of the
repertoire. When a sample contains more dominant clones the diversity is lower as the distribution is less even. Horizontal black lines and colored error bars represent
the mean + SEM of the data. Individual points correspond to specific animals. Differences between mean values were tested using unpaired t-tests. Statistically
significant results are marked with asterisks (*p < 0.05, **p < 0.01).

significantly fewer mutations than IgG sequences in both
groups of mice (Supplementary Figure 3B). The smaller
diversification of IgM was also apparent in the weaker
connectivity of the networks based on sequence similarity
(Supplementary Figures 6B,C).

Increased Diversity of CD138* Cells After

Transfected Cell Immunization in Tg Mice
Currently, there are many mAb discovery protocols for cell
membrane proteins. Thus, as a next step, we used transfected

cells and a more challenging target (ABCCI1 plasma membrane
protein) for immunization and analyzed the diversity of the
immune response.

After immunization with 3T3-ABCCI cells, the Tg animals
appeared to produce a larger number of distinct CDR3 and
CDR3V] clones (1.35 times and 1.29 times), they contained
fewer large clones (0,69 times), and had more VJ100 sequences
(1.44 times) and clusters (1.46 times) as well (Figure 3,
Supplementary Figure 6). These results are very similar to what
we observed in the case of ovalbumin immunization, however,
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package.

FIGURE 4 | Representative graphs from the network analysis of the repertoires of CD138* plasma cells after OVA immunization. Each vertex of the graph represents
a single sequence with a link (edges) to those sequences that did not differ from it in more than one nucleotide. Vertex size corresponds to the number of identical
sequences found. The yellow vertices represent highly expanded clones (each harboring at least 0.5% of the sequences). The Tg animals contained more clusters
(mean: 2,229 vs. 1,347), which suggests that more naive B cell clones were activated in them upon immunization. The graphs were prepared using the igraph R

the observed differences were only significant for the number of
clusters and large clones.

The immunological advantage of Tg animals could be verified
in the case of HEK-ABCC1 immunization as well. They also
contained more distinct clones (CDR3 1.23 times), fewer large
clones (0.75 times) and more clusters (1.16 times), but there was
no difference in the number of VJ100 sequences (0.96 times)
(Supplementary Figure 7). Of these results, only the comparison
of the numbers of differently defined clones (CDR3 and CDR3V]J)
were statistically significant.

Tg Mice Developed Enhanced ABCC1

Specific Antibody Response

The ABCC1 plasma membrane protein is a highly conserved
protein among mammals, there is only a subtle difference
between the human and murine variants. Due to this similarity,
it is very difficult to induce an effective immune response
against this human target in mouse. To validate the efficiency of
immunization in the Tg animals in such a challenging test case,
we analyzed the presence of ABCC1 specific antibodies in the
sera of immunized mice by flow cytometry. We tested the sera
of the HEK-ABCC1 immunized mice using ABCCI1 transfected
3T3 cells (Supplementary Figure 2C) and their parental non-
transfected cells, and the sera of 3T3-ABCCI immunized mice
with HEK and HEK-ABCCI1 cells. The results showed that both
immunizations produced antibodies on day 35 immunization
that recognized the other cell type (shared epitopes), and sera
from Tg animals showed a greater shift on receptor expressing
cells compared to control cells (especially in the case of HEK
immunizations) suggesting that they generated (more) ABCCl1
specific antibodies (Supplementary Figure 8). In the case of the

3T3 immunizations the signals and the differences between the
two groups were less pronounced.

DISCUSSION

In the last 30 years monoclonal antibodies have had an emerging
role in the fields of research, diagnostics and therapeutics,
as well. There are many challenging targets that would be
worth investigating (for example highly conserved and hidden
membrane proteins), but their immunogenicity is very low, and
therefore there is no antibody against them. One of the promising
approaches to improve currently available antibody producing
methods is based on bFcRn transgenic mice (14, 30). Multiple
studies have demonstrated that high-level expression of bFcRn
can enhance the immune response of these animals, resulting in
higher antigen specific antibody titers, more antigen specific B
and T helper cells, and more and bigger germinal centers in the
spleen following immunization (16). In addition, these animals
have been used successfully to generate antibodies against
weakly immunogenic targets (13), and an epitope mapping study
demonstrated a high diversity of the produced antibodies (14).
To better understand the biological mechanisms of the
superior immunization efficiency in bFcRn transgenic mice, we
used different immunization strategies and methods to analyze
the antibody repertoire of these animals. Our results were in
agreement with previous observations: Tg animals had higher
antigen specific antibody titers, bigger spleens, more splenocytes,
and almost twice as many CD138% plasma cells as the wild type
mice. The main focus of our research was to determine whether
the higher number of plasma cells in Tg animals also correlates
with a higher sequence diversity or is merely the effect of high
abundance of the same type of cells. To address this question
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CD138 cells were sorted out and the diversity of the antibodies
was analyzed with a length distribution analysis of the variable
regions and next generation sequencing (NGS).

First, we analyzed the length distribution of IgG sequences
after OVA immunization. In this analysis, the size of a given
fragment is affected by several factors: the binding site of the
forward primer, the length of the V gene, and the length of
the CDR3 region. This method is less sensitive and has a lower
depth compared to modern techniques like NGS, but is able to
provide a comprehensive picture of the condition of the animals
and has been used for rapid and inexpensive analysis of the
antibody repertoire (31-33). The diversity of a single sample
was measured by calculating different parameters of the length
distribution mainly used in ecological studies (number of peaks,
Shannon diversity index and inverse Simpson index) (20, 21). By
analyzing 4 wt and 4 Tg mice together we were able to show,
that under the same conditions the transgenic animals contained
more fragments of different lengths and the distribution of these
fragments was more even, indicating a more diverse antibody
response in Tg animals.

To confirm and better characterize the advantage of Tg
animals, we also performed immunoglobulin repertoire analysis
with NGS (Rep-seq), which yields a higher resolution survey of
the antibody repertoire (19, 24, 34, 35). Rep-seq is a powerful tool
for obtaining vast amounts of information about the antibody
repertoire and it’s utilization is emerging in various fields, for
example analyzing the effects of vaccinations (34, 36), aging
(37), hematological malignancies (38), autoimmune diseases (39)
or simply the normal repertoire (40), either in humans or in
mice (41).

As it is the expression level of different antibodies that is
relevant for practical purposes, we used mRNA as a starting
material for sequencing (19). The main purpose of the study was
not to analyze the complete repertoire of mice, which would have
required a much deeper sequencing (40), but to compare the
animals at a lower depth under a wide variety of circumstances. A
number of different metrics were used to evaluate the results and
to compare the repertoires.

Following immunization with ovalbumin, analysis of the
repertoires revealed that the CD138" plasma cells of Tg
mice carried a more diverse repertoire of antibody sequences.
Comparing this data to the results of unimmunized animals
showed that the difference in the number of clonotypes generated
upon immunization is even more pronounced. This difference
may reflect enhanced somatic hypermutation (SHM) and/or a
larger number of activated naive B-cell clones. To determine
this, we used network analysis and determined the number
of unmutated VJ100 sequences. Both approaches suggested
that the difference was not merely a result of enhanced
SHM, but a higher number of different naive B cells had
apparently been activated. This result is in agreement with
our previous studies where we found that the Tg animals
had more germinal centers in the spleen after immunization
(16). Further analyses revealed that both groups had normally
distributed antibody repertoires, and there was no significant
difference in the use and mutation frequency of V and ]
genes. The comparable mutation frequencies may suggest that

the FcRn is not involved in affinity maturation, but further
experiments involving longer immunization protocols and
different methods (affinity assays) will be needed to confirm
this conclusion.

To assess the diversity of antigen specific B cells, CD19 and
OVA double positive cells were sorted out from the animals
(42) after a similar immunization protocol and the diversity
of these B cells was examined at IgG and IgM level as well.
Using the IgG library, we obtained similar results to that of the
CD138™ plasma cells, and an even greater difference at the IgM
level could be demonstrated between the Tg and wt animals.
The latter is in line with the results of our previous epitope
mapping study (14), but we were able to demonstrate the higher
diversity of the antibodies at IgG level for the first time. This
might be the result of examining the diversity at the level of
nucleotides, or focusing solely on the CD19+ B cells instead of
the whole antibody repertoire. It is also likely that due to a shorter
immunization protocol there was not enough time for epitope
exclusion, which tends to select antibodies that can recognize
only the immunodominant epitope(s) (14, 43). As a consequence,
we were able to detect less abundant antibody sequences, as well,
that target non-dominant epitopes. The CDR3 lengths (IgM and
IgG) of the sequences are also in line with previously published
data (44, 45).

We also used immunization protocols with cellular antigens
(3T3-ABCC1 and HEK-ABCC1). The principal difference
between the two antigens was that 3T3 is a mouse cell line and
therefore has smaller immunogenicity to activate the normal
murine immune system. Using these cells, we also obtained more
diverse B-cell responses in Tg mice, although the differences were
smaller, suggesting that the longer immunization protocol may
have focused the immune repertoire., when we were immunizing
with HEK-ABCCI, Tg mice produced substantially more ABCC1
specific antibodies compared to wt animals, demonstrating the
utility of this approach in the challenging setting of cellular
immunization with highly conserved proteins. In the meanwhile,
we have submitted a manuscript that describes a successful
mAb discovery process using transfected cells and the same
immunization protocol (this mAb recognizes an extracellular
epitope of the human ABCC6 (Kozak et al. submitted). This data
also confirms the improved antibody production of these bFcRn
Tg mice using transfected cell immunization protocol. Since we
used CFA and IFA as adjuvants, we assume that some of the
immune response was elicited by the CFA/IFA themselves and
are not antigen specific.

The greater diversity of the antibody repertoire and the
activation of more naive B cells after immunization in bFcRn
Tg animals is consistent with our earlier hypothesis on the
B-cell responses of these animals (46). We conjectured that
the overexpression of FcRn sequesters more antigen specific
IgGs in the circulation, which, during a secondary immune
response, allows antigen presenting cells to take up more immune
complexes and to present more epitopes, derived from the
antigen, on their surface. As a result, more antigen specific
naive B and T helper cells will be activated, and the diversity
of the humoral immune response will be greater. Based on this,
the FcRn along with its many other roles, has an important
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function in the generation of highly diverse immune repertoire
upon immunization.

Finally, we note that our analyses were limited to nucleotide or
amino acid sequence information, thus we had no information on
what epitopes were recognized by the antibodies detected at the
CDR3 sequence level. Further studies using, for example epitope
binning, will be needed to characterize epitope targeting, and it
would be very interesting to analyze the T helper cell repertoire
as well. T helper cells in the spleen have a key role in B-cell
activation, and a more diverse B-cell repertoire might hint at a
greater T helper cell diversity, as well.

In conclusion, our findings provide further support that
bFcRn Tg animals develop a more potent and more diverse B-cell
response upon immunization. Ovalbumin is an immunogenic
antigen, therefore it is easy to produce antibodies against it in
normal animals as well, but the greater diversity of the repertoire
suggests that Tg animals produce a broader set of antibodies
against its epitopes. This difference is likely to make these animals
an improved tool for mAb discovery. Indeed, with the use of the
bFcRn Tg mice, we have already produced a number of specific
antibodies that are capable of recognizing weakly immunogenic
antigens (13, 17) and also have functional effects (e.g., receptor-
inhibition) (18). The use of these animals may continue to help to
produce antibodies with sufficient specificity and quality against
other difficult targets.
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