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A B S T R A C T

Cytokeratin 18 (CK18), the main scaffold protein of keratinocyte, is distributed in epithelial cells. This structural
protein maintains the integrity and continuity of epithelial tissue. Cytokeratin is also frequently used as an
immunohistochemical marker of tumor growth. In recent years, immune repertoire (IR) evaluation using next-
generation sequencing (NGS) have become increasingly efficient. Here we deep sequenced the mouse IR of the
immunoglobulin heavy chain (IGH) after CK18 immunization. We comprehensively analyzed the IR based on
complementarity determining region 3 (CDR3) abundance, germline gene usage polarization, clone diversity,
and lineage. We found many convergence characteristics after CK18 immunization. Convergence represents a
phenomenon that antigen stimulation or pathogen exposure induces the antigen specific clone expansion and
enrichment. The convergence could be used for the immune evaluation and antibody screen. After immuniza-
tion, the IGHV5 gene clusters became preponderant. The abundance and length of the most frequent CDR3 both
increased, nevertheless the IR diversity level decreased. From the convergent IGH repertoires, we selected and
expressed six antibodies with the most frequent CDR3s and IGH V-J combinations. The ELISA results suggested
all screened six antibodies bound CK18 specifically. The most potential antibody had 9.424E-10M M affinity for
the interaction with the CK18. Therefore, this is the NGS platform has been first used for anti-CK18 monoclonal
antibodies (MAbs) discovery. These analyses methods could also be used for vaccine evaluation.

1. Introduction

CK18 is the main scaffold protein of keratinocyte, produced by the
intermediate filamentous filaments, that is distributed in most epithe-
lial tissue cells (Chu and Weiss, 2002; Peduk et al., 2018). CK18 is as-
sociated with several important signaling pathways related to cell
apoptosis, the cell cycle, and carcinogenesis (Peduk et al., 2018). As
CK18 is often cleaved into many forms by caspase, this elevates the
serum levels of its fragments (Sauer et al., 2018). The complete CK18
protein is also released into blood circulation during necrocytosis, while

its cleaved fragments often enter the blood as a result of cell apoptosis.
Thus, the circulating fragments of CK18 are often regarded as diag-
nostic markers for various diseases, including cancer (Peduk et al.,
2018; Sauer et al., 2018). Monoclonal antibodies can be used to identify
CK18 and its various fragments. Indeed, the serum concentrations of the
M30 and M65 CK18 fragments have been shown to be useful diagnostic
indicators of nasopharyngeal cancer (Sen et al., 2015). In addition,
circulating caspase-cleaved CK18 levels are associated with mortality in
patients with severe sepsis (Lorente et al., 2014). A recent clinical trial
of chronic hepatitis B suggested that CK18-Asp396 was a highly-
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specific, independent biomarker of significant inflammation (Li et al.,
2017).

Recently, NGS technology has developed quickly as costs have re-
duced. It allows more and more researchers could identify gene changes
directly on a large scale (Shen et al., 2014). Unsurprisingly, NGS has
been used to monitor human health conditions by analyzing the
changes to the immune repertoires of clones (Cheng et al., 2018;
Ghraichy et al., 2018). In 2014, Lu et al. reported the background re-
pertoire of IgG antibodies in mice, providing the baseline IR before
antigen immunization (Lu et al., 2014). If it were possible to summarize
the characteristic molecular changes after antigen immunization, then,
theoretically, IR sequencing data could be used directly to screen an-
tibody sequences and to evaluate vaccines (Reddy et al., 2010).

As early as in 2010, bioinformatics analyses were used to evaluate
and mine the antibody variable region (V)-gene repertoires of the bone
marrow plasma cells of immunized mice (Reddy et al., 2010). In 2012, a
proteomics approach combined with NGS technology was described,
which identified human progesterone receptor A/B-specific antibody
sequences directly from circulating polyclonal antibodies in the serum
of an immunized mouse (Cheung et al., 2012). In addition, a molecular-
level evaluation of the serum antibody repertoire after the seasonal
influenza vaccination has recently been published (Lee et al., 2016).
However, no studies focused on characterizing CK18-stimulated IRs.

Here, we aimed to combine NGS and bioinformatics analyses to
evaluate the repertoire to screen anti-CK18 mAbs. As an initial proof of
concept, we produced some specific antibodies could bind the CK18
antigen. We believe that our evaluation of CK18-stimulated IR will
increase the ability to screen the CK18-specific antibody.

2. Methods and materials

2.1. Animals, immunization and ethics

We obtained six to eight-week-old specific pathogen free male
BALB/c mice from Comparative Medicine Center of Yangzhou
University. All of the mice were kept and immunized at the animal
center of Vazyme Biotech Co., Ltd., Nanjing, China. One mouse was
designated as CK18–1, and the other five mice were designated as
CK18-2~6. The recombinant human CK18 antigen was provided by
Professor Siqi Liu (BGI-Shenzhen, Shenzhen, China). We immunized
each mouse with 50 μg of antigen in 250 μL phosphate buffered solution
via subcutaneous injection for three times, once every other month (1st
day, 31st day, and 61st day). Two weeks after the final immunization
(75th day), all of the mice were killed and spleen lymphocytes were
harvested. Spleen sampling was performed according to a humane and
ethical protocol reviewed and approved by the Bioethics and Biological
Safety Review Committee of BGI-Shenzhen (building 11, beishan in-
dustrial zone, yantian district, Shenzhen, China). The permit number
was FT 15052. All animal experiments comply with the ARRIVE
guidelines and were carried out in accordance with the U.K. Animals
(Scientific Procedures) Act, 1986 and associated guidelines, EU
Directive 2010/63/EU for animal experiments.

2.2. IGH repertoire construction and sequencing

We constructed six IGH repertoires. Total RNA was extracted from
approximately 1E+07 mononuclear spleen cells using an RNEasy kit
(Qiagen, Hilden, Germany) following the manufacturer's protocol. We
used N6 random primers and the reverse transcriptase SSII (Invitrogen,
Carlsbad, CA, USA) to produce cDNA templates from 8 μg total RNA. 5’-
RACE (rapid amplification of cDNA end) was used to amplify mouse
immunoglobulin genes from the cDNA. Meanwhile, the mouse IGH
primers, which annealed at the first constant region, were designed and
synthesized (IgG1/2-primer: CAGGGGCCAGTGGATAGA-3; IgG3-
primer: CAGATGGGGCTGTTGTTGTA; and IgM-primer: AAGACATTTG
GGAAGGACTGA). The ~500 bp PCR products were separated using 2%

agarose gel electrophoresis, and purified using a Qiagen gel-purification
kit (Qiagen, Hilden, Germany) following the manufacturer's protocol.
Purified PCR products were then tagged with 8-bp barcodes for cluster
identification. Final products were sequenced with Mi-Seq (illumina,
San Diego, CA, USA), using a 2×300-bp paired-end read strategy.

2.3. Bioinformatics analysis and evaluation of the IGH repertoire

The IGH repertoire sequences were analyzed with IMonitor (Zhang
et al., 2015; Li et al., 2016). Briefly, we checked sequence quality, re-
moved low quality reads, and merged cleaned paired-end reads. The
merged reads were searched against V and J germline sequences from
the international ImMunoGeneTics information system (IMGT; http://
www.imgt.org/) using BLAST (Li et al., 2016). We then realigned each
result, and selected the best V/J alignment for each merged read. We
next performed the following analyses: CDR3 analysis, germline gene
usage polarization, clone diversity, and lineage analysis.

CDR3 is critical for interactions with antigens; the length, abun-
dance, and diversity of this sub region directly affect the entire immune
system (Kitaura et al., 2017; Liu et al., 2017; Rettig et al., 2018). An-
tigen stimulation, infection and disease intensify the germline gene
usage polarizations as part of the immune response (Wu et al., 2016; Liu
et al., 2017). Thus, the identification of V/J gene usage polarizations
might improve screening for specific antibodies and vaccine evalua-
tions.

Diversity is an essential character of the IR and high diversity is
important for a healthy immune system (Georgiou et al., 2014; Hou
et al., 2016; Madi et al., 2017). IR diversity is mainly generated during
lymphocyte development by V(D)J recombination, random insertions
and deletions, and systemic mutations (Carlson et al., 2013; Fu et al.,
2017). Here, we used the number of unique CDR3s (Madi et al., 2017)
and the D50 value (Hou et al., 2016) to evaluate IR diversity (positively
related). Many sequences have the same CDR3 and each type of CDR3
has ≥1 sequencing reads. So the unique CDR3 number represents the
CDR3 type or the variety of CDR3 clonotypes in the IR. D50 is the
calculated percentage of dominant unique clones, accumulative reads
of which made up for 50% of the total (ranges from 0 to 50 in theory).
Lineage size and number are also associated with IR diversity.

2.4. Antibody expression and ELISA assay

We screened the most probable CK18-specific sequences. After
codon optimization and gene synthesis, the mother plasmid pFUSE-
CHIg-MG1 (InvivoGen, HongKong, China) was used to construct ex-
pression vector. Separately, previous study reported a germline IG kapa
light chain gene (Accession NO. AJ231205) highly expressed in non-
immunized mice (Aoki-Ota et al., 2012). It was selected and synthesized
to co-expressed with these IGH clones. Mammalian cells (human em-
bryonic kidney 293F) were co-transfected with two vectors of heavy
and light chains (1:1) combination using ExpiFectamine™ 293 Trans-
fection Kit. Cells were harvested at approximately five days post-
transfection and assayed for recombinant protein expression. The an-
tibody proteins were purified with the 1mL Protein G column (GE
Healthcare, USA). The SDS-PAGE gel electrophoresis was used to detect
the whole Ab integrity.

Antigen-antibody binding was detected by ELISA assay. Briefly, the
CK18 antigens were coated on the 96 wells plate, 200 ng/well and in-
cubated overnight at 4 °C. After blocking with 3% BSA for 2 h at 37 °C,
three gradient concentrations of these recombinant antibodies were
added into each well with the PBS as blank control, and with blank
serum as the negative controls for 1 h at 37 °C. After washing with
phosphate buffer solution with 0.05% tween-20 (PBST), 100 μL horse-
radish peroxidase -conjugated anti-mouse IgG antibodies were added
into each well at 37 °C for 45min. After washing, 100 μL TMB was
added into each well and the plate was incubated in the dark at 37 °C
for 10min. The reaction was stopped by 50 μL of 1M sulfuric acid. The
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absorbance at 450 nm was measured by a microplate reader (Bio-Rad).

2.5. Affinity determination

CK18The affinity of the recombinant Abs for CK18 was detected by
the Biacore T200 Protein Interaction System (GE Healthcare).
Recombinant CK18 antibody was captured on a Protein A chip. CK18-
Ab was then diluted to 6 μg/mL in PBST and injected at 10 μ L/min for
25 s. Finally, it led to a capture level of approximately ~600 response
units (RU) of Ab.

The affinity value of recombinant Ab was determined by injecting 6
concentrations of CK18 antigen, in triplicate, with a running buffer of
PBST. CK18 antigens were injected at 30 μL/min for 240 s followed by a
300 s dissociation time. Between injections, residual bound protein was
eliminated by regeneration with 100mM glycine solution, pH 2.75,
running at 30 μL/min for 20s. Binding sensor grams from these injec-
tions were processed and analyzed using the Biacore evaluation soft-
ware. Binding curves were fit to the data with a Langmuir model, using
grouped on rate, off rate and Rmax values.

2.6. Statistical analysis

The mouse germline genes were derived from the IMGT database
using IMGT/HighV-QUEST, which determines the most likely germline
derivations of the V and J germline genes (Giudicelli et al., 2017). The
relative frequency of each observed germline subgroup was calculated
based on the alignment results. Statistical significance was tested using
Student's paired t-test. P < .05 was considered as statistically sig-
nificant.

3. Results

3.1. NGS data description

Raw sequencing data was basically processed using the software
“IMonitor”(Zhang et al., 2015). Mi-Seq pair-end sequencing yielded an
average of 1,032,423 raw reads per sample (Table S1). After removing
adapter contamination and low quality reads (i.e., reads that were more
than>5% “N”), ~75.56% of the reads per sample were retained.
Baseline repertoire data for unimmunized mice have previously been
published (Lu et al., 2014).All the sequencing data could be acquired
from the Nucleotide Sequence Archive of China National Gene Bank by
two project numbers CNP0000103 and CNP0000593 (https://db.cngb.
org/cnsa/).

3.2. CDR3 analysis

The top 100 CDR3s made up less of the total CDR3s in the CK18–1/2
mice (47%) and it made up half in the CK18–5/6 mice (50% and 51%),
as compared to the CK18–3/4 mice (57% and 55%; Fig. 1). Thus, the
predominant clones in the CK18–3/4 mice converged, consistent with a
previous study (Jackson et al., 2014). This implies that the frequency of
some specific clones increased continuously after antigen stimulation
(Parameswaran et al., 2013). The most abundant CDR3 of the third and
fourth mice reflected this phenomenon (CK18–3: 11.58%; CK18–4:
13.38%; Fig. S1).

The CDR3 lengths in each mouse were unevenly distributed (Fig. 2;
(Waltari et al., 2018)). In CK18-1 mouse, 24.54% of all CDR3s were 36
nucleotides (nt) long, while in CK18-2/4/5, 21.56%/36.75%/27.22%
of all CDR3s were 45 nt long, and in CK18-3, 17.63% of all CDR3s were
42 nt long, and in CK18–6, 24.50% of all CDR3s were 39 nt long; This
was inconsistent with the baseline IGH repertoire (15.8% of all CDR3s
were 36 nt long (Lu et al., 2014)), indicating that immunization may
increase the length and frequency of the most common CDR3s. This
mechanism may facilitate the antibody response to antigen stimulation.
It suggested that some CK18-specific antibody clones may had long
CDR3 length and high frequency.

3.3. IGHV-J gene usage analysis

In unimmunized mice, the IGHV1 family germline and the IGHV5
gene cluster were the most frequently used (Lu et al., 2014). Here, the
IGHV5 family dominated the V gene usage histogram for all of the CK18
immunized mice as well (Fig. 3). However, IGHV3–2-02 was no longer
the dominant germline gene in the CK18 immunized mice. Instead, the
use of the subtype gene IGHV5–17 was significantly greater, as com-
pared to the unimmunized mice (an increase from ~10% to>20%;
P < .05).

As to the IGHJ genes, Fig. S2 shows the relative usage frequencies of
all the IGHJ germline genes. Clearly, except for CK18–6, the usage of
IGHJ1 genes usage do not have the dominant degree (< 16%). Except
for CK18–5, the IGHJ2 or IGHJ4 germline gene still had the dominant
usage frequencies (> 30%). There were no significant differences in
IGHJ gene usage between the CK18-immunized mice and the unim-
munized mice. It is important to note that the IGHJ4 of the CK18–4
mouse had enjoyed the dominance (> 48%).

Each CK18-immunized mouse exhibited a particular dominant VJ
combination (Fig. 4). Notably, in the CK18–4 mouse, the IGHV5–17/
IGHJ4 pair had the highest frequency (29.98%), as like in the CK18–3/

Fig. 1. Relative CDR3 abundance across six mice tested. It is divided into four groups by CDR3 abundance: Top 1–100; 100–1000; 1000–10,000;> 10,000.
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5/6 mice. The CK18–4 mouse also had the most VJ pairings (Fig. S3).
This indicated that the IR of mouse CK18–4 was converging after CK18
immunization. This was consistent with the above-mentioned data
showing that the predominant clones of immunized animals tend to
converge (Parameswaran et al., 2013; Jackson et al., 2014). It suggested
that some CK18-specific clones may be characterized by the IGHV5–17/
IGHJ4 pairing usage.

3.4. Diversity evaluation

Sufficient IR diversity is crucial for a powerful adaptive immune
system (Gearhart, 2002; Hou et al., 2016). We evaluated the diversity of
the IGH repertoires in the six mice after immunization based on the
number of unique CDR3s. We found that the CK18-4 mouse had the
most unique CDR3s across all six of the mice, and the CK18-3 mouse
had the fewest (Fig. 5).

We also evaluated IR diversity based on the D50. Our results in-
dicated that the CK18–1 mouse had the highest level diversity based on
D50, even though this mouse did not have the most unique CDR3s
(Fig. 5). The CK18–4 mouse also had the lowest IR diversity based on
D50. This suggested that the response of the CK18–4 mouse to im-
munization was strongest convergent, which is consistent with our
other results.

3.5. Lineage analysis

To comprehensively evaluate the immune responses of the mice
after the CK18 immunization, a clone lineage analysis was performed
(Fig. 6). A lineage represents that all its sequences originated from the
same ancestral B cell. In this study, it refers to the sequences that were
originated from the same VDJ recombination with no or one amino acid
difference in the CDR3 (Jiang et al., 2013). Each bubble represents a

Fig. 2. Relative frequency of CDR3 as a function of length (in nucleotides, nt) in the six mice tested. The x-axes represent the nucleotides length of the most CDR3s;
the y-axes represent the relative frequency.
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lineage. The bubble size reflects lineage magnitude. We found that the
lineage diagram of the CK18-4 mouse was obviously different from that
of the others. In contrast, the largest lineage of CK18-4 had> 25,000
unique nt sequences. The largest lineages of the other mice had
only<15,000 unique nt sequences (Fig. 6). This indicated that many
novel changes appeared after stimulation with the CK18 antigen for the
CK18-4 mouse. Thus, more nucleotide sequences newly appeared in the
CK18-4 had the same CDR3 sequences, further supporting convergence.
It suggested that the CK18-specific clones could be screened in the
novel large lineage.

3.6. SDS-PAGE, ELISA and Affinity determination

Based on the above immune evaluation, we screened one IGH clone
from each mouse respectively. These clones were characterized by the
most frequently CDR3 and most frequently VJ combination in each
mouse. Besides, these clones are in their respective largest lineages. The

SDS-PAGE gel results showed that these antibodies were correctly ex-
pressed (reduced: heavy chain ~50KD, and light chain~25KD, Fig. 7A;
Non-reduced: 150KD, Fig. 7B).

ELISA results (Fig. 7C) showed that compared with the PBS and
negative controls, all six screened antibodies bound to the CK18 antigen
specifically. Especially for the CK18-4-Ab, its OD450 value did not re-
duce on three different dilutions (10μg, 5μg and 2.5μg). It showed that
CK18-4-Ab has highest specificity and binding efficiency with CK18
antigen among all six Abs.

Furthermore, the affinity between the Abs and CK18 antigen were
detected by the surface plasmon resonance technology. The curves in
Fig. 7D showed that the CK18-4-Ab/CK18 had a fast binding rate
(ka= 1.077E+5 1/Ms) and a slow dissociation rate (kd=1.015E-4 1/
s). The built-in evaluation software showed that the CK18-4-Ab had a
9.424E-10M affinity (Kd) with the CK18 antigen after the curve auto-
matic fitting. The CK18-3-Ab had a 1E-07M affinity (Kd), and the
others had fast dissociation rates (kd≥ 1E-03 1/s; Kd≥ 1E-07M; data

Fig. 3. IGHV gene usages across the six mice. All of the V gene subtypes with relative usage frequencies≥1% are given on the x-axes; the y-axes represent the relative
frequency.
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Fig. 4. IGHV-J gene combination frequency across the six mice. The x-axes represent the relative frequency. All of the V-J pairing with relative usage frequencies
≥1% are given on the y-axes.

Fig. 5. Diversity evaluation. Evaluation of IR diversity in six
mice based on two different metrics: number of unique CDR3s
(blue line), and D50 (brown line). The x-axis represents the
six mice; The right y-axis represents the number of unique
CDR3s (big arrows). The left y-axis represents the D50 value
(small arrows). The D50 value of a given repertoire is posi-
tively correlated to diversity (theoretical range: 0–50; (Hou
et al., 2016). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of
this article.)
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not shown). However, with high specificity, they are appropriate for the
diagnostic reagent development.

4. Discussion

Many previous studies reported that CK18 and its fragments are
biomarkers suitable for improving prediction and diagnosis of sus-
pected diseases such as acute intestinal graft versus host disease and
many types of cancers (Li et al., 2017; Peduk et al., 2018; Sauer et al.,
2018). The diagnosed antibody is needed. Antibody repertoire se-
quencing by NGS is a valuable tool for antibody discovery.

IR characteristics after immunization are associated with antigen-
specific immune clones (Lavinder et al., 2014). These IR characters
include germline gene usage polarization, CDR3 changes, and IR

diversity. Here, we evaluated the stimulated IGH repertoire. After im-
munization, these mice IRs showed different levels of convergences,
which could be used to evaluate the level of the immune response to
immunization (positively related). The more convergent the IR be-
comes, the stronger the immune response is and the more probable
efficient antibody we screened. On diversity evaluation, D50 is nor-
malized to be a calculated percentage of dominant unique clones, ac-
cumulative 50% total reads. So D50 value (Hou et al., 2016) is more
objective than the unique CDR3 number.

Heavy-light chain natural pairing is an important factor for a high
affinity antibody. In recent years, microdroplet embedding and single B
cell sequencing technology facilitates the heavy and light chain si-
multaneous sequencing (DeKosky et al., 2015). However, emulsion
embedding and single cell sequencing need complex operating

Fig. 6. Lineage analysis bubble map of the six mice. Each bubble represents a lineage; bubble size reflects lineage magnitude. For each bubble (lineage), the x-axes
represent the numbers of the corresponding unique CDR3s and the y-axes represent the number of corresponding unique nucleotide sequences.
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procedures, and it is also very expensive. As demonstrated in previous
analysis, the germline light chains can functionally pair with a variety
of heavy chains (Gray et al., 2016). We selected a high expressed
germline light gene to co-express the six whole Abs successfully. Be-
sides, previous reports suggested that phylogenetic pairing of heavy-
light chain can provide a means to approximate natural pairing (Zhu
et al., 2013). In the early stage of the NGS-based Ab discovery, the
predicted pairing methods are easier and more cost-effective.

PCR and sequencing errors are known problems that affect IR se-
quencing (Georgiou et al., 2014). To reduce these errors, we performed
PCR and sequencing error correction with IMonitor. After correction,
the mean error rate across all of the sequences and the percent of error-
bearing sequences decreased significantly (Zhang et al., 2015).

In this study, we evaluated CK18-elicited IGH repertoires and ana-
lyzed the characteristics of the immune clones. We had screened six
antigen-specific antibodies and they could be utilized to develop diag-
nose reagent with high affinity and specificity. Furthermore, these
bioinformatics analyses can be readily applied to vaccine evaluation
and Ab discovery.
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