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Abstract

Cathepsins are key mammalian proteases that play an important role in the immune response. Several studies have revealed the
versatile and critical functions of cathepsins. Here, we obtained ten kinds of cathepsin homologs and identified seven homologs
with complete coding sequences. Phylogenetic analysis verified their identities and supported the classification of cathepsins into
seven families, which is similar to other vertebrates. Tissue-specific expression analysis showed that all lamprey cathepsins (L-
cathepsins) are present in the supraneural body (SB), kidney, gill, intestine, brain, heart, and liver, but their relative abundance
varied among tissues. Additionally, we focused on the lamprey cathepsin L (L-cathepsin L) and used recombinant L-cathepsin L
protein (rL-cathepsin L) to prepare anti rL-cathepsin L polyclonal antibodies, which were used to detect its distribution in
lamprey tissues. The L-cathepsin L protein was primarily detected in the SB, kidney, gill, intestine, brain, and liver via western
blot and immunohistochemistry assays. Importantly, quantitative real-time PCR (RT-PCR) revealed that the expression level of
L-cathepsins mRNA significantly increased after exposure to three different stimuli (poly 1:C, Staphylococcus aureus (S.a) and
Vibro anguilarum (V.an)). This suggested that L-cathepsins may participate in defense processes. These results revealed that L-
cathepsins may play key roles in the immune response to exogenous stimuli. The findings provide important information for
future studies aiming to understand the molecular mechanisms underlying the immune response to pathogen invasion in lamprey.
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Introduction

Cathepsin is derived from the Greek kathepsein (to digest),
and it is active in a slightly acidic environment (Willstétter and
Bamann 1929). Researchers have already identified 15 kinds
of cathepsins in humans to date. According to different cata-
lytic active site residues, they have been classified into three
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different families: serine cathepsins (cathepsins A and G),
aspartate cathepsins (cathepsins D and E), and cysteine ca-
thepsins (cathepsins B, C, F, H, K, L, O, S, V, X, and W)
(Stoka et al. 2016). Cathepsins are present in almost all spe-
cies, and they widely evolved into several classes of proteases.
All of the cathepsins are synthesized as the inactive form of
zymogens that are further processed by active proteases or by
autocatalysis which is regulated by endogenous protein inhib-
itors known as cystatins, stefins, thyropins, and serpins (Turk
et al. 2002; Conus and Simon 2010). Cathepsins execute im-
portant functions in the cytosol, nucleus, and extracellular
space; thus, they play key roles in physiological and patho-
logical processes (Cocchiaro et al. 2017). Importantly, cyste-
ine cathepsin proteases, which are normally found in lyso-
somes and belong to the papain superfamily of cysteine pro-
teases, are a class of enzymes that are evolutionarily con-
served as far as the prokaryotes. All of the cysteine cathepsins
share high sequence homology and an identical peptidase do-
main, which provides a convenient way to analyze their func-
tions (Olson and Joyce 2015), including intracellular protein
degradation, autophagy, and inflammatory and immune re-
sponses (Rawlings et al. 2016). Cysteine cathepsins are a
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group of endosomal proteases involved in antigen processing
and preparation of MHC class II molecules for antigen pre-
sentation. After cleavage by cathepsins, the invariant chain—
which blocks the antigen-presenting site during maturation of
MHC molecules—is replaced by antigenic peptides (Hsing
and Rydensky 2005; Dijkstra and Yamaguchi 2019).
Additionally, conversation of cathepsin L and conserved
orthologs with invariant chain residues suggest their long co-
evolution in the antigen presentation pathway (Criscitiello
et al. 2012). As a member of the cysteine cathepsin protease
family, cathepsin L has been implicated in antigen processing
(Watts 1997). Sea urchin cathepsin L is upregulated in LPS
stimulated coelomocytes (Nair et al. 2005). The potent
endoprotease activities of cathepsin L may be important in
revealing and releasing antigens (Riese and Chapman 2000),
which may play key roles in the immunization process.

Lampreys are known as cyclostomes, the most basal extant
group of vertebrates which is thought to have existed largely
unchanged for more than 500 million years (Nikitina et al.
2009; Gustafsson et al. 2008; Smith et al. 2013). Over 20
kinds of cathepsins have been identified in vertebrates, and
their specific roles in metabolism have also been investigated;
thus, the importance of cathepsins has recently been empha-
sized in invertebrates (Uinuk-Ool et al. 2003). In a previous
study, we reported some basic information about L-cathepsin
D in lampreys, including that it degrades hemoglobin, fibrin-
ogen, and serum albumin (Xiao et al. 2015). Other family
members of cathepsins have recently been identified through
third-generation sequencing methods. After identification and
classification, we confirm that there are approximately ten
kinds of cathepsin homologs in lamprey: cathepsins A, B, D,
K, L (cathepsin, cathepsin 1, cathepsin 2), O, and Z. In this
study, the sequences of cathepsin family members from lam-
prey are first reported and analyzed, and the relative expres-
sion of L-cathepsin mRNA is detected. Importantly, analysis
of the immune response of lamprey cathepsins (L-cathepsins)
will help us to understand how lampreys defend pathogen
invasion. Moreover, we focus on L-cathepsin L, a member
of the cysteine cathepsin family with unique synthesis and
transportation mechanisms (Reiser et al. 2010; Ishidoh and
Kominami 2002). We examine the localization and distribu-
tion of L-cathepsin L in lamprey tissues by immunohisto-
chemistry and western blot. This research lays the foundation
for studying the origin and evolution of the innate immune
system in lampreys.

Materials and methods
Animals and immunization

Adult lampreys (Lampetra japonica), which were captured
from the Tong River of China, were kept in 4 °C water in a
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glass tank. Lamprey handling and all of the experimental pro-
cedures were approved by the Animal Welfare and Research
Ethics Committee of the Institute of Dalian Medical
University (Permit Number: SYXK2004-0029). We per-
formed the animal experiments at the Institute of Dalian
Medical University. The lampreys (three in each group) were
intraperitoneally injected with phosphate-buffered saline
(PBS) (0.1 mL/each), Staphylococcus aureus (S.a) and Vibro
anguilarum (V.an) (approximately 1 x 10%/each in 0.1 mL of
PBS), and poly I:C (100 mM in 0.1 mL of PBS).

Cloning and analyzing the full-length cDNA
of L-cathepsin L genes

The cDNA sequence was obtained from the third generation
sequencing result. It was identified with the Basic Local
Alignment Search Tool X (BLASTX) from the National
Center for Biotechnology Information (NCBI, http://www.
ncbi.nlm.nih.gov/). Total RNA was isolated from the liver of
lampreys. The procedure was conducted according to the
manufacturer’s instructions (TaKaRa, Dalian, China). The
total RNA was dissolved in RNase-free water and stored at
—80 °C. Then, cDNA was synthesized from the total RNA
samples by reverse transcription using PrimeScript™ II First
Strand cDNA Synthesis Kit (TaKaRa, Dalian, China) accord-
ing to the manufacturer’s protocol. The specific PCR primers
in the open reading frame (ORF) were designed by PRIMER 5
and were based on the lamprey cDNA library our laboratory
established for L-cathepsin L. The ORF of L-cathepsin L was
amplified and cloned into a pMD19-T Simple Vector for se-
quence confirmation (TaKaRa, Dalian, China). The full-
length cDNA sequence of L-cathepsin L was spliced by
Sequencher 4.2 software, and the deduced amino acids were
analyzed with DNAMAN V6 and DNASTAR 5.0 software.

Phylogenetic tree and genomic synteny construction

Sequences of additional cathepsin family members from other
species were obtained from NCBI (http://www.ncbi.nlm.nih.
gov/). The multiple sequence alignments of cathepsins were
performed by Bioedit 7.0 software using default settings. A
neighbor-joining (NJ) tree was constructed by MEGA 7.0
software based on the pairwise deletion of gaps/missing data
and a Poisson model matrix of an amino acid model with 1000
bootstrapped replicates. The genomic synteny was obtained
from Genomics (http://www.genomicus.biologie.ens.fr) and
Stowers Institute for Medical Research base (SIMRbase,
https://genomes.stowers.org/).

Expression and purification of lamprey cathepsin L

The ORF of L-cathepsin L was subcloned into the pCold I
vector with a His-tag, and the recombinant protein was
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expressed in E. coli BL21 (DE3) which was induced by
0.1 mM IPTG for 24 h at 16 °C. The recombinant protein
was purified by Ni affinity chromatography (GE
Healthcare). The protein concentration was measured with
the BCA Protein Quantitation Kit (Solarbio, Beijing, China)
and was analyzed with sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE).

Production of anti-L-cathepsin L polyclonal antibodies

New Zealand rabbits were used to generate polyclonal anti-
bodies against the recombinant L-cathepsin L protein (rL-ca-
thepsin L). The rabbits were immunized with multipoint intra-
dermal injections four times every 2 weeks. For the first im-
munization, 500 mg of the rL-cathepsin L antigen in 500 mL
of PBS mix was mixed with an equal volume of Freund’s
complete adjuvant (Sigma). For the rest of immunizations,
the dose was halved and Freund’s complete adjuvant
(Sigma) was replaced with Freund’s incomplete adjuvant
(Sigma). The sera of the immunized rabbits were collected,
and the polyclonal antibodies were purified by affinity chro-
matography in a protein G column (GE Healthcare). The titer
of the purified antibody was monitored with ELISA.

Western blot analysis

The SB cells were isolated from lamprey SB tissues by 0.25%
trypsin treatment; other tissues and cells were obtained the
same way. The protein was extracted with RIPA Lysis Buffer.
After measuring the concentration, protein samples were sepa-
rated by 12% SDS-PAGE and transferred onto polyvinylidene
difluoride (PVDF) membranes. Membranes were blocked with

5% skim milk for 3 h and subsequently probed overnight at
4 °C with the primary rabbit anti-rL-cathepsin L antibody. After
washing 3 times with PBS-T, the membranes were incubated
with HRP-conjugated goat anti-rabbit IgG (1:5000). After
washing 3 times with PBS-T, the membrane was developed
using ECL substrate (Beyotime, China).

Immunohistochemical staining

The paraffin sections were deparaffinized with xylene and
rehydrated with descending concentrations of ethanol.
Endogenous peroxidase was blocked by treatment with 3%
H,0, in methanol for 20 min at room temperature. After
blocking the sections with 10% normal donkey serum for
3 h at room temperature, they were incubated with the anti-
rL-cathepsin L rabbit polyclonal antibody at 4 °C overnight.
Next, they were incubated with HRP-conjugated goat anti-
rabbit IgG (1:100) and rinsed with PBS-T. Normal rabbit
IgG was used as a negative control. Subsequently, the slides
were stained with diaminobenzidine (DAB), and the time of
coloration depended on the real-time observation of colora-
tion. The coloration was terminated with distilled water, and
the sections were counterstained with hematoxylin. Following
dehydration, the sections were passed through xylene two
times for 15 min and then mounted in neutral resin.

Immunofluorescence

Lamprey SB cells were isolated from lamprey by 0.25% tryp-
sin treatment. Then, they were plated in wells and fixed for
25 min in 4% paraformaldehyde in PBS at room temperature.
After washed twice with PBS, the cells were fixed and

Table 1 Gene information for entire cathepsins identified in Lampetra japonica and their primer sequences for quantitative Real-time PCR
No. Classes of cathepsins Protease type Length (aa) pl MW (kDa) RT-PCR primer
1 Cathepsin A Serine Cathepsin 474 592 52885.31 F:5'GTGGACATGGCCTGCAACTT-3'
R:5'GAGGAAGGCAAGGTTGGAGAA-3'
2 Cathepsin B Cysteine Cathepsin 333 5.75 35947.55 F:5-CCGCCCCTACTCCATCAAG-3'
R:5-TCGATGTTGTACGCCTTCTTACC-3'
3 Cathepsin D Aspartic Cathepsin 397 6.23 42772.47 F:5-ACCACAAGTACGACTCCTCCAAGT-3'
R:5-CTCCGAACACCTGCTTCTTCAC-3'
4 Cathepsin K Cysteine Cathepsin 184 5.56 20370.46 F:5-GCCAGCCTCAACTCCTTCAC-3'
R:5-TCGTTCCCCAGCTGTTCTTG-3'
Cathepsin Cysteine Cathepsin 329 6.07 37157.65
Cathepsin L Cysteine Cathepsin 157 434 16879.54 F:5'-CCTCGGCAAGCACTCCTACA-3'
R:5-TCTGTCCACTTCTTCACCTCGTT-3'
Cathepsin 1 Cysteine Cathepsin 799 5.92 85877.43
Cathepsin 2 Cysteine Cathepsin 347 5.48 38686.22
Cathepsin O Cysteine Cathepsin 240 5.95 25927.34 F:5-AGGAGGTGGGTTGCTCAGAA-3'
R:5-AAATTGAGGGCAGAACCATGTC-3'
10 Cathepsin Z Cysteine Cathepsin 242 5.54 26749.76 F:5'-ACATGGGAGTGTGGAAATTCG-3'

R:5'-CGGGTGAAGTTCTTGATGTTGA-3'
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Table 2 Accession numbers of L-cathepsins

Gene Name Accession number
Cathepsin A MK676073
Cathepsin B MK676074
Cathepsin K MK676075
Cathepsin L MK676076
Cathepsin MK676077
Cathepsin 1 MK676078
Cathepsin 2 MK676079
Cathepsin O MK676080
Cathepsin Z MK676081

permeabilized for 10 min using 0.1% Triton X-100. They
were blocked with normal goat serum for 30 min and incubat-
ed with the rabbit anti-rL-cathepsin L primary antibody
(1:200) at 4 °C overnight. Next, the cells were washed with
PBS twice and then incubated with Alexa Fluor 488-
conjugated goat anti-rabbit IgG antibody (1:400). Following
three more washes with PBS, the cells were stained with
DAPI (1:1000). After two washes with PBS, the coverslips
were mounted on glass slides with one drop of antifade solu-
tion. The immunofluorescence was visualized and captured
with a Zeiss LSM 780 inverted microscope (Carl Zeiss, Inc).

FACS analysis

Lamprey SB cells were plated in wells and fixed for 20 min in
90% methanol in PBS at room temperature. Then, the cells were
washed three times with PBS, blocked with normal goat serum
for 30 min, and incubated with rabbit anti-rL.-cathepsin L anti-
body (1:200) in PBS for 1 h at room temperature. After three
washes, the cells were incubated with FITC-conjugated donkey
anti-rabbit IgG (1:500) for 45 min at room temperature protected
from light. Then, they were washed three times with PBS. The
cells were resuspended with PBS and analyzed on a FACSAria
flow cytometer (BD Biosciences). Cells incubated with FITC-
conjugated goat anti-rabbit IgG were used as isotype controls.
Data analysis was performed using Flowjo software (Tree Star).

Quantitative RT-PCR

The immunized lampreys were anesthetized with 0.05%
tricaine methanesulfonate (MS-222; 3-aminobenzoic acid eth-
yl ester, Sigma), and then their SB cells were collected.
According to the manufacturer’s instructions, total RNA was
extracted with the MiniBEST Universal RNA Extraction kit
(TaKaRa, Dalian, China). Reverse transcription was per-
formed as previously described. The cDNA was used as tem-
plate to determine the mRNA expression of L-cathepsins. The
sequences of primers used for real-time PCR (RT-PCR) are
listed in Table 1. The PCRs were carried out in a TaKaRa PCR
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Thermal Cycler Dice Real Time System using a TaKaRa
SYBR® PrimeScript™ RT-PCR Kit. Each reaction was per-
formed in triplicate, and the data were normalized to L-
GAPDH, which was the internal control to normalize the
starting quantity of RNA. Additionally, the heatmap was con-
structed by TB tools.

Statistical analysis

All of the data are presented as the means + SE based on
separate experiments. Differences between treatment groups
were analyzed by Student’s # tests. P<0.05 was set as the
threshold for significance (*P < 0.05, **P < 0.01).

Results

Cloning, sequence analysis of L-cathepsins,
and phylogenetic analysis

The sequences of cathepsins were obtained from our library
and were sent to GenBank (Table 2). The open reading frame
(ORF) sequence of cathepsins from lamprey was analyzed
along with human cathepsins (Fig. 1). Additionally, the num-
ber of amino acids, molecular weight (MW), and isoelectric
point (pl) for each L-cathepsin was calculated and predicted,
as shown in Table 1. Functional domain analysis demonstrat-
ed that L-cathepsins contain similar domains to human ca-
thepsins (Fig. 1). To further determine the phylogenetic rela-
tionship of the cathepsin family in lamprey, we constructed a
neighbor-joining tree (NJ tree) using the amino acid sequence
of cathepsin family members. The tree suggested that all
members of the cathepsin family in lamprey were classified
into corresponding clusters. Interestingly, four sequences were
classified into the cathepsin L cluster. According to their se-
quence similarity, they were named L-cathepsin, L-cathepsin
1, L-cathepsin 2, and L-cathepsin L. The phylogenetic analy-
sis indicated that each cathepsin in lamprey agreed with the
species unique characteristic and followed a lower to higher
evolutionary relationship according to their evolutionary his-

tory (Fig. 2).

Genomic synteny analyses of the lamprey cathepsin
family

Genomic synteny analyses can be useful not only for estab-
lishing gene homology relationships but also in providing
clues about the mechanistic origin of new genes. To better
understand the evolution of the cathepsin gene family during
vertebrate expansion, the neighboring gene environment of
lamprey cathepsins was compared between fish and mam-
mals. There are four species in the genomic synteny analysis:
human, zebrafish, hagfish and lamprey (Fig. 3). In the
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Fig. 1 Schematic of lamprey and human cathepsins proteins as well as
their conserved domains. Similar domains are color-coded with the same
color; the “peptidase” domain is purple, the “proptidase” domain is

lamprey genomes, the cathepsin genes, although detectable,
could not be examined for syntenic relationship with mam-
malian cathepsin family genes because of the incomplete-
ness of the genome sequence; the hagfish faced the same
problem (Fig. 3). Strong syntenic relationships among ca-
thepsin A, B, and Z orthologs were easily detected in the
human and zebrafish genome sequences that we examined.
The datareveals a high degree of evolutionary lability within
cathepsin gene clusters. Of note, the TBX20 gene is present
in both lamprey and zebrafish (Fig. 3).

green, and the “inhibitor” domain is red. The length of the domains is
presented above the diagram. The amino acid (aa) lengths are presented
on the left of the diagram

Expression of L-cathepsin L recombinant protein
and preparation of anti-rL-cathepsin L rabbit
polyclonal antibody

The recombinant protein was expressed in E. coli BL21
(DE3) after induction with 0.1 mM IPTG for 24 h at
16 °C, as detected in the SDS-PAGE analysis
(Supplementary 1a). The purified recombinant protein mi-
grated as a single bind on the SDS-PAGE gel with a
molecular mass of approximately 21 kDa. This was agrees
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Fig. 2 Evolutionary relationships
of L-cathepsin proteins.
Phylogenetic analysis was con-
ducted in MEGA 7.0. The evolu-
tionary history was inferred using
the NJ method. The percentage of
replicate trees in which the asso-
ciated taxa clustered together in
the bootstrap test (1000 repli-
cates) are shown next to the
branches. The evolutionary dis- s
tances were computed using the
Poisson correction method and
are in the units of the number of
amino acid substitutions per site.
All positions containing gaps and
missing data were eliminated
from the dataset

Chysemyspicta bel

with the molecular mass predicted from the DNA se-
quence (Supplementary 1b). The polyclonal antibodies
against rL-cathepsin L protein were purified from rabbit
serum by protein GSepharose affinity chromatography
(Supplementary 1d). The titer at which the ELISA used
the rabbit anti-rL-cathepsin L polyclonal antibodies was
higher than 1:320,000 (Supplementary 1c), and
preimmunized rabbit IgG was used as a negative control.

Localization and distribution of L-cathepsins
in lamprey tissues

Expression of L-cathepsins mRNA in various tissues was de-
termined by semi-quantitative RT-PCR using GAPDH as a
control (Fig. 4a, b). L-cathepsin, A, D, and L showed wide-
spread expression, and the rest of L-cathepsin family members
were expressed in specific tissues. On the whole, the expres-
sion of L-cathepsin K and O were lower than that of the other
family members. Interestingly, the results revealed that all of
the L-cathepsins were expressed in the SB. Importantly, ca-
thepsin L is a member of the cysteine cathepsin family and has
aunique synthesis and transportation mechanism (Reiser et al.
2010; Ishidoh and Kominami 2002); therefore, we further
investigated L-cathepsin L. The tissue distribution of L-
cathepsin L was determined via immunohistochemistry
(Fig. 5a) and western blot analysis (Fig. 5b) using a specific
anti-rL-cathepsin L antibody. The results revealed that L-
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cathepsin L protein is expressed in the SB, liver, kidney, in-
testine, and gill. The highest expression level was in the SB,
followed by the kidney, gill, and liver. Lower expression
levels were observed in the brain and intestine, while the pro-
tein was not detected in the heart or oral glands. To investigate
the intracellular localization of L-cathepsin L in lamprey SB
cells, we used immunofluorescence. The results demonstrated
that L-cathepsin L mainly localizes in the cytoplasm of SB
cells (Fig. 5c¢).

Relative expression of L-cathepsins mRNA
in stimulated lamprey SB

Functionally, SB processes constantly survey the environment
and act as important responders to inflammation.
Additionally, the lamprey SB contains all of the L-
cathepsins (Fig. 4a, b). To assess the response of L-cathepsins
to different antigens, we performed RT-PCR with total RNA
extracted from the SB of lampreys immunized with gram-
positive bacteria (S.a), gram-negative bacteria (V.an), and a
virus (poly I:C) for 1-3 days. When lampreys were challenged
with virus (poly 1:C), L-cathepsin D and L expression was
significantly elevated and their expression peaked at 24 h
compared to the other time points. L-cathepsin K and Z ex-
pression peaked at 72 h in response to virus, but there were no
significant change in the expression of L-cathepsins A, B, and
L. When lampreys were stimulated with gram-negative
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Fig. 3 Genomic environments of cathepsin family genes. Arrows or
arrowheads in opposite directions indicate genes located on opposite
strands. Ch and Sc denote chromosome and scaffold, respectively.

bacteria (V.an), only L-cathepsin A did not change significant-
ly of the targets tested. As the time from V.an exposure in-
creased, the expression of L-cathepsins D, K, L, and Z in-
creased and, importantly, the expression of L-cathepsin B
and O were significantly upregulated at 72 h. The findings
show that L-cathepsin B and O may exert their main function
in defending lamprey from gram-negative bacteria (V.an)
compared to other members of L-cathepsins. In contrast, the
expression of L-cathepsin A increased compared to other ca-
thepsins when lampreys were stimulated with gram-positive
bacteria (S.a). As shown in Fig. 6, we found a substantial
upregulation of L-cathepsin expression over the 3 days, re-
gardless of which antigen the lamprey was stimulated with.
Additionally, the same L-cathepsins presented different re-
sponses for different antigens. The results indicate that L-
cathepsins play potential roles in many aspects of lamprey
immune activities, and different members of L-cathepsins
may exert different functions in antigen invasion.

Discussion

Cathepsins are widely expressed throughout the animal and
plant kingdoms and have also been identified in viruses and
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Ch.GLATI089
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R
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Orthologous genes contributing to conserved synteny are similarly
color-coded, and cathepsin clusters are green

bacteria (Lecaille et al. 2002). On the basis of the lamprey
cDNA library our laboratory established, ten kinds of cathep-
sins have been detected in the lamprey genome; they are
named cathepsins A, B, D, K, L (cathepsin, cathepsin 1, ca-
thepsin 2), O, and Z. Cathepsin A belongs to the serine pro-
tease family; cathepsin D belongs to the aspartic protease
family; and cathepsins B, K, L (cathepsin, cathepsinl, cathep-
sin2), O, and Z belong to the cysteine protease family. In
particular, L-cathepsin is 100% similar to the Petromyzon
marinus ortholog (AAQO01146.1), and the NJ tree revealed
that it belongs to the cathepsin L family. All L-cathepsins in
lamprey contain a conserved peptidase domain except for L-
cathepsin D, which contains the ASP domain consistent with
human cathepsin D. Although cathepsins are conserved pro-
teins, there are some differences. For example, L-cathepsin D
in lamprey does not contain the propeptide domain which is a
potent inhibitor of its cognate enzyme in vitro (Turk et al.
2002; Caglic et al. 2007). Moreover, genomic synteny reveals
a high degree of evolutionary lability within cathepsin gene
clusters.

To investigate the potential function of cathepsins in lam-
preys, the tissue distribution pattern was detected by semi-
quantitative RT-PCR. The tissue-specific expression was de-
termined by calculating the grayscale value (Fig. 4a, b). In
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Fig. 3 continued.

humans, cathepsins are widely expressed in most tissues and
cell lines (Rossi et al. 2004). However, not all cathepsins are
expressed at the same levels in different tissues (Rossi et al.
2004; Unanue et al. 2016). Some of the cathepsins, such as
cathepsins B, L, and O, are ubiquitous and highly to moder-
ately expressed in various tissues and cells including the brain.
This suggests that these enzymes play a role in general protein
degradation and turnover. Such diverse localization and spe-
cific expression of some cysteine cathepsins suggest that they
have more specific cellular functions (Cook et al. 2014;
Duncan et al. 2008; Goulet et al. 2004). However, the tissue
distribution of cathepsins has not been well studied in fish
species. We discovered that all of the L-cathepsins are
expressed in the liver, kidney, SB, leukocytes, and oral glands,
even though the levels of expression are different. Meanwhile,
L-cathepsins L and D expressed in all of the tissues tested.
Moreover, all L-cathepsins are detectable in immune-relevant
tissues, suggesting their potential function in defending infec-
tions. The different expression patterns in different species
suggest that cathepsins might play different roles in different
species. Further studies are necessary to correlate and compare
the results of cathepsin tissue distribution patterns in lamprey
and other organisms. Moreover, as an important immune tis-
sue of the immune defense system, the lamprey SB plays an
important role in the native and adaptive immune systems
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(Pang et al. 2015). Our western blot and immunohistochemi-
cal staining showed that the L-cathepsin L protein is abundant
in the SB, implying that L-cathepsins may play a crucial role
in the SB in pathogen defense. In recent years, cathepsins have
been shown to have important roles in processing and/or deg-
radation of several important neuronal proteins, thereby
exerting either neuroprotective or harmful effects (Stoka
et al. 2016). L-cathepsin A, D, and L have high expression
in the lamprey brain, suggesting that they might be involved in
neuroinflammation. This hypothesis needs further
investigation.

Cathepsins are key acid hydrolases within the lysosome,
and they represent the principal effectors of protein catabolism
and autophagy (Pan et al. 2012; Dennemérker et al. 2010a, b).
Intracellular cathepsins are also crucial components of signal
transduction pathways that drive inflammation (Navab et al.
2008; Bruchard et al. 2013; Dennemarker et al. 2010a, b; Park
et al. 2008). Moreover, cathepsins are a group of peptidases
involved in different processes of immune responses, includ-
ing apoptosis, inflammation, and antigen processing
(Zavasnik-Bergant and Turk 2006). However, their detailed
immune roles against pathogen infection are still limited to a
handful of fish species. For example, V. parahaemolyticus and
Listeria monocytogenesthe challenge in the disk abalone
(Haliotis discus) results in high expression of cathepsin Z in
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Fig. 4 Expression of L-cathepsins in lamprey tissues. a The mRNA ex-
pression level of L-cathepsins in lamprey tissues detected by semi-
quantitative RT-PCR. b Heatmap of mRNA expression levels of L-

the gill and hemocytes, which indicates that cathepsin Z is
involved in host innate immune responses (Godahewa et al.
2017). Our RT-PCR analysis revealed that L-cathepsins par-
ticipate in the immune defense process for various antigens
such as S.a, V.an and poly I:C. The expression levels of L-
cathepsin D and L were upregulated 48 h after virus (poly I:C)
stimulation, and the levels of L-cathepsin Z were upregulated
significantly after 72 h. This implies that L-cathepsins A, B,
and L may not contribute to the virus immune response of the
lamprey, while others play key roles in this process. In

cathepsins in lamprey tissues. Green and red represent low-to-high ex-
pression levels, and the color scales correspond to the expression values
of the microarray

response to gram-negative bacteria (V.an), the expression
levels of L-cathepsin K were upregulated at 48 h, and the
levels of L-cathepsins B and O were upregulated significantly
at 72 h. When the lampreys were challenged with gram-
positive bacteria (S.a), the expression levels of L-cathepsin
A were upregulated significantly at 72 h. These findings indi-
cate that the lamprey may have different immune mechanisms
to defend various antigens, and different L-cathepsins exert
different functions in lamprey immune responses. We predict
that L-cathepsins participate in the immune response by
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Fig. 5 Localization and distribution of L-cathepsins in lamprey tissues.
a Protein in lamprey tissues, as observed via immunohistochemical
staining. The tissue sections were incubated with the rabbit anti-rL-
cathepsin L antibody (1:2000). Preabsorption of the antibody with
recombinant L-cathepsin L abolished the signal, which supports the
specificity of the signal. Normal rabbit IgG antibody (1:5000) also
served as a negative control. Scale bars, 20 mm. b Protein expression
level of L-cathepsin L in lamprey tissues detected with western blot. Lane
1: intestine; Lane 2: liver; Lane 3: gill; Lane 4: kidney; Lane 5: heart;
Lane 6: SB; Lane 7: brain; Lane 8: oral glands. ¢ Immunofluorescence
detection of L-cathepsin L in SB cells. The primary antibody was rabbit
anti-rL-cathepsin L (1:200) and the secondary antibody was an Alexa

presenting the antigen, which is similar to the role in humans
(Palermo and Joyce 2008); however, this notion needs further
study for validation. Meanwhile, exposure to different anti-
gens leads to different responses in lampreys. This suggests
that lamprey cathepsins may exert different functions in dif-
ferent immune responses, and it may provide some clues to
explore the evolution of the innate immune system in
lampreys.
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FL1-H

Fluor 488-conjugated goat anti-rabbit IgG (1:400). The SB cells were
treated with an isotype-matched IgG antibody and then with FITC-
labeled goat anti-rabbit IgG antibody as a control. The cells were
stained with DAPI. The immunofluorescence was visualized and
captured using a fluorescence microscope (Carl Zeiss, Inc). Scale bars,
5 pm. FACS analysis of L-cathepsin L in SB cells. The SB cells that were
bound to the rabbit anti-rL-cathepsin L polyclonal antibodies were
incubated with FITC-conjugated anti-rabbit IgG secondary antibodies
followed by FACS analysis (green). The cells were selected first by
light scattering (FSC, forward scatter; SSC, side scatter). The SB cells
were first treated with isotype-matched IgG antibody and then with FITC-
labeled goat anti-rabbit IgG antibody (black)

In conclusion, we first detected and identified the cathepsin
family members in lampreys, including cathepsins A, B, D, K,
L (cathepsin, cathepsin 1, cathepsin 2), O, and Z. Additionally,
the tissue-specific expression of L-cathepsins was described.
Importantly, we discovered that the cathepsins may play key
roles in the lamprey immune response and that lamprey ca-
thepsins may take part in different immune response mecha-
nisms to protect the species from foreign antigen invasion.
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Fig.6 Different antigens upregulated the expression of L-cathepsins. The
heatmap of L-cathepsin expression levels, which were determined via RT-
PCR in lamprey SB cells after stimulation with poly I:C, Vibro
anguilarum (V.an) and Staphylococcus aureus (S.a) at 24 h, 48 h, and
72 h. Blue and red colors represent low to high expression levels, and the
color scales correspond to the expression values of the microarray
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