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The channel catfish (Ictalurus punctatus) and the ciliated protozoan parasite Ichthy-
ophthirius muiltifilis are used to study pathogen-specific protective immunity. In this
review, we briefly describe this host—parasite system and discuss the comparative
insights it provides on the adaptive immune response of vertebrates. We include studies
related to cutaneous mucosal immunity, B cell memory responses, and analyses of aff
T cell receptor (TCR) repertoires. This host—parasite model has played an important
role in elucidating host protective responses to parasite invasion and for comparative
studies of vertebrate immunity. Recent findings from bioinformatics analyses of TCR p
repertoires suggest that channel catfish preferentially expand specific clonotypes that
are stably integrated in the genome. This finding could have broad implications related
to diversity in lymphocyte receptors of early vertebrates.

Keywords: Ichthyophthirius muiltifiliis, channel catfish, teleost, adaptive immunity, immune memory, T cell
repertoire

INTRODUCTION

The comparative immunology of early vertebrates has developed from basic descriptive studies to
investigations using mechanistic experimentation, molecular genetic analyses, and bioinformatics
(1). Studies with teleosts (bony fishes) are useful in providing insights into the evolution of the
adaptive immune responses of higher vertebrates, including humans (2). The channel catfish
(Ictalurus punctatus) and the ciliated protozoan parasite Ichthyophthirius multifiliis have been used
as an experimental system to study pathogen-specific adaptive immunity (3). Laboratory-induced
I multifiliis infections in catfish are particularly suited for comparative studies of mucosal immunity
because the parasite is restricted to surface epithelia of the gills and skin, which in teleosts are pro-
tected by a mucosal layer. Investigations with this model have elucidated cutaneous adaptive immune
responses to infection and other basic elements of immunity, including memory and repertoire
generation, which are discussed in this review.

CHANNEL CATFISH—AN ESTABLISHED FISH MODEL

Although primarily recognized as a food fish raised for human consumption, the channel catfish
has served as a comparative immunological research model for more than 30 years, providing a

Abbreviations: Ig, immunoglobulin; aa, amino acid; Ab, antibody; Ag, antigen; ASCs, antibody-secreting cells; TCR, T cell
receptor; CDR3, complementarity determining region 3; i-antigens, immobilization antigens; AID, activation-induced cytidine
deaminase; MALT, mucosa-associated lymphoid tissue.
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foundation of basic information on the molecular and cellular
basis of both innate and adaptive immunity in teleosts (4-26).
The channel catfish serves as an excellent comparative biological
model for studies of early ectothermic vertebrate immunity. The
recent publication by Liu et al. (25) presents the genomic sequence
of the channel catfish and illustrates its early phylogenetic posi-
tion among teleosts. Similar to other fishes including salmonids
and zebrafish (Danio rerio), which is one of the best known model
fish species in the biomedical research field, the thymus and head
kidney of channel catfish are the primary lymphoid organs in
which T and B cells differentiate, respectively. The spleen serves
as a secondary peripheral lymphoid organ. The head kidney is the
site of hematopoiesis and serves as both a primary and secondary
lymphoid organ. Although putative primordial germinal centers
are found in head kidney and spleen, there are no lymph nodes,
and organized lymphoid tissues have not been identified in
mucosal tissues including those of the skin and gut epithelia (27).
Thymus-derived, cell-dependent, immune functions including
hapten-carrier, graft rejection, and delayed hypersensitivity were
all demonstrated in early studies on immune responses in chan-
nel catfish, as well as B and T cell proliferation in vitro in response
to mitogens (6). As with other fish models, there are limited data
regarding T cell surface marker genes (28, 23).

The channel catfish IgH gene locus is organized in a translo-
con-type arrangement with a single functional C gene that codes
for membrane and secreted forms of IgM (7, 11). The diversity
within channel catfish VH genes may be greater than that found
in humans (20). The predominant serum IgM is a tetrameric
molecule, homologous to the mammalian IgM isotype, com-
prised of 70,000 Da heavy chains (IgH) and 22,000-25,000 Da
light (IgL) chains in equimolar quantities (10). The tetramer has a
molecular mass of approximately 750,000 Da. When analyzed by
SDS-PAGE under denaturing conditions, however, it shows vari-
ous combinations of covalently linked heavy and light chains to
form eight discernable Ab subpopulations (29). The significance
of this variable covalent coupling is unknown, but may relate to
affinity and to diverse functions in different tissues (e.g., skin
mucosal secretions) (30, 31).

The Ig surface receptor and soluble Ab homologous to the
mammalian IgD isotype were first discovered in channel catfish
and their subsequent characterization in other teleost fishes sug-
gests that IgD is an evolutionarily ancient Ig with a potentially
important, but as yet unknown, function (8). Studies of IgD func-
tion in humans suggest an ancient role for IgD at the interface
between immunity and inflammation (32). An IgT/Z isotype
found in rainbow trout (Oncorhynchus mykiss) and zebrafish
is postulated to function in teleost fishes as the equivalent of
mammalian IgA (33). Genes for IgT/Z do not occur in all fishes,
however. Channel catfish does not have these genes and only
expresses IgD and IgM. In channel catfish IgM provides Ab pro-
tection in mucosal tissues, including skin and gills (12, 34, 35).

The isotypes IgA, IgE, and IgG are not present in any fish
species and class switching does not occur, even though teleosts
express activation-induced cytidine deaminase (AID), an enzyme
essential for this function. Zebrafish and catfish AID have the
potential to catalyze class switch recombination, however, indi-
cating that this capability preceded the evolution of IgA, IgE, and

IgG (36, 37). AID-catalyzed somatic hypermutation has been
demonstrated in fish, including channel catfish (26, 38).

Although the complex interactions between T and B cells
during and following infections in teleosts have not been
studied in comparable detail to that of mammals, many of the
basic mechanisms appear similar. CD40 and CD154 homologs
have been identified in zebrafish. CD40 is localized to B cells
and in vivo experiments demonstrated that blocking its inter-
action with CD154 decreased IgM synthesis. The functional
CD154-CD40 costimulatory pathway in teleosts appears similar
to that in humans, and T cell help is involved in controlling
antibody production by B cells (39, 40).

ADAPTIVE IMMUNITY AND I. multifiliis —
A PROTOZOAN PATHOGEN OF FISHES

In the current paradigm of acquired immunity, re-exposure to
protective antigens initiates anamnestic memory responses in
secondary lymphoid tissues that lead to expansion and further
differentiation of antigen-specific effector lymphocytes (41). In
mammals including humans, the concept of memory cells being
confined only to lymphoid tissues has been revised following
the discovery that subsets of memory lymphocytes also reside
in non-lymphoid tissues (42, 43). This is of particular relevance
because most pathogens infect through surface epithelial tissues
where they confront the hosts’ first lines of defense. A subset of
memory T cells appears to reside permanently in extralymphoid
tissues at potential sites of colonization and infection (43). If
present in sufficient numbers at the time of infection, these non-
circulating T cells can control pathogen colonization and prolif-
eration. Circulating memory T cells are also recruited to sites of
colonization as a result of inflammation. More severe infections,
however, which expand beyond the sites of initial invasion, lead
to activation of memory T cell subsets in secondary lymphoid
tissues. These memory cells rapidly proliferate and differentiate
into effector cells that migrate to sites of infection throughout
the body (43). In addition to memory T cells, memory B cells
and antibody-secreting plasma cells also reside at potential sites
of infection, as well as in secondary lymphoid tissues, including
MALT and spleen (44-47).

Ichthyophthirius multifiliis, commonly known “white spot”
by home aquarists, is an obligate, ciliated protozoan parasite
that infects the skin and gills of virtually all species of freshwater
fishes. It occurs worldwide and is among the most devastating
pathogens of both wild and domestic fish (48, 49). The life cycle
lasts 7-10 days at 22°C and includes a tomont stage (200-800 tM)
that replicates off the fish, the infective, actively swimming pelagic
theront stage (40 uM), and an obligate trophont stage (50-800 uM)
that feeds and grows within the host’s epithelia (3, 49). I. multifiliis
infection stimulates an antibody-mediated immune response,
as expected for a large, single-cell, motile, extracellular para-
site. Immunity develops within 3 weeks and lasts over 3 years
(12, 50, 51). I multifiliis exposure elicits cutaneous mucosal
immunity in channel catfish resulting from the synthesis of IgM
Abs by antibody-secreting cell (ASC) located in the skin (3, 12,
18, 35, 50-52) (Figure 1). These studies on cutaneous immune
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FIGURE 1 | A general model of adaptive immunity against Ichthyophthirius multifilis (Ich). The natural physiological state of the skin has immune components that
monitor and respond to infections, including resident macrophages, putative dendritic cell subsets, and resident T and B lymphocytes. Elements of mucosal and
systemic immunity against Ich (some of which are hypothetical and others based on experimental data) are presented in panels (A) and (B) of this figure. This model
is based on studies of Ich infection in channel catfish and various other fish species, and the figure is derived from a previous review of Ich immunity (50).

(A) Infection of naive fish. Parasite invasion in the skin (upper section) elicits local and systemic inflammatory responses that include the recruitment of neutrophils,
basophils, and eosinophils, and the production of cytokines and chemokines. The uptake of Ich Ags by macrophages and dendritic cells (APC) initiates the adaptive
immune response. Ags are processed and presented by APC at inductive sites in the skin (hypothetical) and/or the anterior kidney and spleen (lower section), where
plasmablasts, plasma cells, and memory B and T cells are generated. Components of the adaptive immune response exist as early as 7-10 days after initial
infection, and last up to three years after the infection is resolved. (B) Infection of immune fish. Parasite entry into the epithelium of the skin elicits a cellular response
that includes basophils, neutrophils, and eosinophilic granulocytic cells (EGCs), which are analogous to mammalian mast cells. Ab in the skin bind to invading
theronts and elicit their pre-mature exit. Ich-specific Ab in the blood and skin are secreted by plasma cells in the central lymphoid organs and the skin, respectively.

We hypothesize that plasmablasts generated in central lymphoid organs and the skin traffic between both sites through the blood. Blood vessels are depicted

between the upper and lower sections of each panel.

responses of channel catfish to I multifiliis infections were
subsequently followed by studies in trout (53). The response is
dominated by IgM Abs found in both skin and serum that
target a class of highly abundant 40-60-kDa surface membrane
proteins, referred to as immobilization antigens (i-antigens). We
have shown that immunization of channel catfish with purified
i-antigens is sufficient to induce protective immunity (54-56).
A model for the mechanism of antibody-mediated protection

against L. multifiliis has been proposed in which cross-linking of
immobilizing Ab to i-antigens elicits exit from the host (3, 52).
I. multifiliis, unlike African trypanosomes, which switch the
expressed variant surface glycoproteins to evade the host immune
responses, do not switch the expressed i-antigens that elicit
protective immune responses (57). This is an example in which
long-lasting immunity to a protozoan parasite is conferred by
immunization with a single class of proteins. The highly effective
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protective immune response elicited by the parasite has served
as a stimulus for basic research to elucidate the mechanisms of
adaptive immunity in teleosts (3, 50, 58).

Memory T and B cells are the basis of anamnestic responses
in vertebrates including fishes (59, 60). In teleosts, however, there
is little information on where memory B cells and T cells reside
and how stable these populations are over time. B cell responses
to infection have indicated that ASC are critical to development
of protective immunity against subsequent I. multifiliis challenge
(12, 50, 61). Studies suggest that long-term protective immunity
is provided by IgM* memory B cells rather than long-lived
resident, non-dividing plasma cells (12). In contrast, in humans
Abs against many vaccine Ags are synthesized by plasma cells for
most of, if not their entire life (62). It has not been determined
whether memory B cells reside in skin and differentiate in situ
into i-antigen-specific ASC when fish are re-exposed to I. multi-
filiis, or if they reside in other lymphoid organs, and migrate to
the skin following re-exposure (12, 18, 63) (Figure 1). Because
Ab reagents that define memory B or T cells are not currently
available for fish, these lymphocyte sub populations cannot be
separated by FACS or in situ staining as in humans and mice.

af T CELL RECEPTOR (TCR)
REPERTOIRES

The genes coding for the af TCR heterodimer in teleosts are
organized in a classical translocon arrangement comprised of
families of V and ] genes with heterogeneous sequences, but only
one or a few D and C genes (17, 19, 64-67). As in mammals,
rearrangement of V, D, and J genes is dependent on ragl expres-
sion, and the diversity afforded by recombination of these genes
is augmented by random non-templated nucleotide deletions and
additions at TCRp V-D and D-] gene junctions, or TCRa V-]
gene junctions (68). The sequences at these junctions code for the
hypervariable aa sequences that comprise the complementarity
determining region 3 (CDR3) loops of the aff TCR and determine
its Ag recognition and binding affinity (69). In channel catfish,
the TCRP CDR3 spans 27-60 base pairs, or 9-20 aa, similar in
size to the human TCRpB CDR3 (17, 19, 70-72).

The diversity of aa sequences in the anticipatory CDR3
repertoire of the population of circulating T cells allows rec-
ognition and binding to the vast array of foreign peptide Ags
presented by the MHC (69). The changes that occur in expressed
TCRP CDR3 repertoires in an individual after infection with a
pathogen, the variation in different tissues, and the differences
among individuals responding to the same infection, are not
well characterized in human patients. Because the fins of fish
can regenerate (73), we used the I multifiliis infection model
to characterize TCRB CDR3 repertoires in biopsies of caudal
fin taken before infection and three weeks after infection. Skin,
spleen, head kidney and PBL samples were collected at seven and
twenty-one weeks after infection. High-throughput sequencing
of cDNAs synthesized from RNA isolated from these samples
was used to determine the expressed diversity of Vp2 and V@5
TCRp CDR3 repertoires, as oaff T cells expressing VP2 and V5
genes undergo clonal expansion after infection (70).

Public and Private Clonotypes in the

Immune Repertoire

The changes in TCRp repertoires are illustrated by results for
VP2. We generated 1.73 X 10° copies of filtered CDR3 DNA
sequences, representing 1.02 X 10° unique DNA sequences and
7.4 X 10* aa clonotypes. A clonotype designates a unique CDR3
aa sequence. Public clonotypes are defined as those present in all
individuals sampled (74). A total of 5.5 X 10° clonotypes were
public, which is higher than theoretically predicted for humans
(69, 71, 72, 75). The diversity of the TCRp CDR3 repertoire was
found in rare sequences. DNA sequences found only once in
the entire data set represented 40% of unique DNA sequences
and those present in two to nine copies another 30%. These rare
sequences presumably correspond to aff T cells present in low
abundance. Only a small fraction of unique DNA sequences were
highly abundant. Those present in 10°-10° copies represented
only 2% of DNA sequences and those present in >10° copies only
1%. This small set of DNA sequences, however, comprised the
bulk of all copies with those present in >10* copies contributing
63% of total copies.

Non-Random Selection of DNA Sequences

Coding for Dominant Clonotypes

We identified 12 public clonotypes that were among the most
abundant in skin or spleen of all four fish following I multi-
filiis infection. As these clonotypes were present in low relative
abundance or absent in pre-infection fin samples, we inferred
that these corresponded to clonotypes expressed by clonally
expanded aff T cells responding to infection. These clonotypes
could dominate the repertoire in a tissue after immunization.
For instance, clonotype CAAIMGGTQPAYF accounted for
7.9% of all copies of DNA sequences in the spleen of one fish,
and 5.8% in skin of a second. Because of codon degeneracy we
expected that an array of different DNA sequences would code
for each clonotype and that these arrays would differ among fish,
as seen for TCRP CDR3 repertoires in PBL from human donors
(75). Unexpectedly, we found that each of these 12 clonotypes
was predominately coded by an identical CDR3 DNA sequence
in combination with the same J gene in different fish. The DNA
sequence of one of these public clonotypes is shown in Figure 2.
This dominant DNA sequence comprised 97% of the sequences
coding for the clonotype after infection.

Following infection alternative DNA sequences coding for
each clonotype were also identified. These 11-40 alternative
sequences, however, represented only ~3% of total copies of
DNA sequences coding for a clonotype. The alternative sequences
demonstrate that aff T cells, expressing a VB2 CDR3 coding for
a clonotype responsive to I. multifiliis infection, could be gener-
ated by standard somatic recombination of VB2, Df, and J genes
accompanied by deletion and addition of nucleotides at V-D and
D-J junctions. These off T cells did not persist in the populations,
however, as copies of most alternative DNA sequences were not
present at later time points after infection. Only those off T cells
expressing the dominant DNA sequence apparently underwent
clonal expansion. This suggests that the selection of aff T cells
expressing the dominant DNA sequence was not random (70).
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A VB2

. . TATTACTGTGCAGCCAGA
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FIGURE 2 | The CDR3 DNA and amino acid sequence of clonotype CAAIMGGTQPAYF. (A) The genomic sequences of the VB2, DB, and JB24 genes that contribute
to the CDR3 sequence are shown. Those nucleotides that were presumably deleted from the Vp2, DB, and Jp24 genes are underlined and the seven non-templated
nucleotides added are italicized. (B) The CDR3 nucleotide and aa sequence of the transcribed TCRp gene for CAAIMGGTQPAYF. This same nucleotide sequence

was found in cDNAs generated from four fish.

AACACTCAGCCTGCATACTTTGGCCAG. .
. . TATTACTGTGCAGCCATAATGGGTGECACTCAGCCTGCATACTTTGGCCAG. .
GGGACAGGGGGC

Jp24

T ¢ P A Y F

FUTURE WORK

Future studies using high-throughput sequencing will be
focused on defining the CDR3 repertoire for additional V3 genes
following infection and immunization with purified i-antigens.
In addition, the molecular mechanisms underlying the selective
use of an identical DNA sequence by different fish to code for
the same clonotype need to be defined. The exquisite diversity in
the mammalian CDR3 repertoire is provided by the randomly
generated DNA sequences coding for the CDR3, and there is
little overlap among individuals at the DNA sequence level
(75, 76). The finding that different fish preferentially expressed the
same CDR3 DNA sequence for a clonotype suggests the possibil-
ity that these rearranged TCRp sequences were stably integrated
into the I punctatus genome and that T cells expressing these
integrated clonotypes are preferentially expanded. An integrated
IgH VDJ gene sequence is present in the I. punctatus IgH locus,

REFERENCES

1. Cooper MD, Alder MN. The evolution of adaptive immune systems. Cell
(2006) 124(4):815-22. doi:10.1016/j.cell.2006.02.001

2. Litman GW, Cannon JP, Dishaw LJ. Reconstructing immune phylogeny:
new perspectives. Nat Rev Immunol (2005) 5(11):866-79. doi:10.1038/
nril712

3. Dickerson H, Clark T. Ichthyophthirius multifiliis: a model of cutaneous infec-
tion and immunity in fishes. Immunol Rev (1998) 166:377-84. doi:10.1111/
j.1600-065X.1998.tb01277.x

4. Waterstrat PR, Ainsworth AJ, Capley G. In vitro responses of channel catfish,
Ictalurus punctatus, neutrophils to Edwardsiella ictaluri. Dev Comp Immunol
(1991) 15(1-2):53-63. d0i:10.1016/0145-305X(91)90047-3

5. Clark TG, Dickerson HW, Findly RC. Immune response of channel catfish
to ciliary antigens of Ichthyophthirius multifiliis. Dev Comp Immunol (1988)
12(3):581-94. doi:10.1016/0145-305X(88)90074-2

6. Clem LW, Bly JE, Ellsaesser CF, Lobb CJ, Miller NW. Channel catfish as an
unconventional model for immunological studies. J Exp Zool Suppl (1990)
4:123-5. doi:10.1002/jez.1402560420

7. Bengtén E, Clem LW, Miller NW, Warr GW, Wilson M. Channel catfish
immunoglobulins: repertoire and expression. Dev Comp Immunol (2006)
30(1-2):77-92. doi:10.1016/j.dci.2005.06.016

8. Wilson M, Bengtén E, Miller NW, Clem LW, Du Pasquier L, Warr GW. A
novel chimeric Ig heavy chain from a teleost fish shares similarities to IgD.
Proc Natl Acad Sci U S A (1997) 94(9):4593-7. doi:10.1073/pnas.94.9.4593

9. Wilson MR, Marcuz A, van Ginkel E, Miller NW, Clem LW, Middleton D,
et al. The immunoglobulin M heavy chain constant region gene of the channel

although it is not known if it is transcribed (7). Future research
will focus on understanding how these identical sequences are
transcribed in different individuals. Such studies will further
define similarities and differences in adaptive immune responses
among phylogenetically diverse vertebrate groups such as tel-
eosts and mammals and provide further comparative insights
into the evolution of vertebrate immune repertoires.

AUTHOR CONTRIBUTIONS

HD and RF contributed equally to the writing of the manuscript.

FUNDING

This review was supported by Agricultural and Food Research
Initiative grants 2008-35204-04604 and 1000626 from the USDA
National Institute of Food and Agriculture (RF and HD).

catfish Ictalurus punctatus: an unusual mRNA splice pattern produces the
membrane from of the molecule. Nucleic Acids Res (1990) 18(17):5227-33.
doi:10.1093/nar/18.17.5227

10. Wilson MR, Warr GW. Fish immunoglobulins and the genes that encode
them. Annu Rev Fish Dis (1992) 2:201-21. d0i:10.1016/0959-8030(92)90064-5

11. Bengten E, Quiniou SM, Stuge TB, Katagiri T, Miller NW, Clem LW, et al.
The IgH locus of the channel catfish, Ictalurus punctatus, contains multiple
constant region gene sequences: different genes encode heavy chains of
membrane and secreted IgD. J Immunol (2002) 169(5):2488-97. doi:10.4049/
jimmunol.169.5.2488

12. Findly CR, Zhao X, Noe J, Camus AC, Dickerson HW. B cell memory follow-
ing infection and challenge of channel catfish with Ichthyophthirius multi-
filiis. Dev Comp Immunol (2013) 39:302-11. doi:10.1016/j.dci.2012.08.007

13. Hayman JR, Ghaffari SH, Lobb CJ. Heavy chain joining region segments of
the channel catfish. Genomic organization and phylogenetic implications.
J Immunol (1993) 151(7):3587-96. doi:10.4049/jimmunol.164.4.1916

14. Hayman JR, Lobb CJ. Heavy chain diversity region segments of the channel
catfish: structure, organization, expression and phylogenetic implications.
J Immunol (2000) 164(4):1916-24. doi:10.4049/jimmunol.164.4.1916

15. Ventura-Holman T, Ghafari SH, Lobb CJ. Characterization of a seventh family
of immunoglobulin heavy chain VH gene segments in the channel catfish,
Ictalurus punctatus. Eur ] Immunogenet (1996) 23(1):7-14. doi:10.1111/.1744-
313X.1996.tb00259.x

16. Ventura-Holman T, Lobb CJ. Structural organization of the immunoglobulin
heavy chain locus in the channel catfish: the IgH locus represents a com-
posite of two gene clusters. Mol Immunol (2002) 38(7):557-64. doi:10.1016/
S0161-5890(01)00075-X

Frontiers in Immunology | www.frontiersin.org

October 2017 | Volume 8 | Article 1379


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/j.cell.2006.02.001
https://doi.org/10.1038/nri1712
https://doi.org/10.1038/nri1712
https://doi.org/10.1111/
j.1600-065X.1998.tb01277.x
https://doi.org/10.1111/
j.1600-065X.1998.tb01277.x
https://doi.org/10.1016/0145-305X(91)90047-3
https://doi.org/10.1016/0145-305X(88)90074-2
https://doi.org/10.1002/jez.1402560420
https://doi.org/10.1016/j.dci.2005.06.016
https://doi.org/10.1073/pnas.94.9.4593
https://doi.org/10.1093/nar/18.17.5227
https://doi.org/10.1016/0959-8030(92)90064-5
https://doi.org/10.4049/jimmunol.169.5.2488
https://doi.org/10.4049/jimmunol.169.5.2488
https://doi.org/10.1016/j.dci.2012.08.007
https://doi.org/10.4049/jimmunol.164.4.1916
https://doi.org/10.1111/j.1744-313X.1996.tb00259.x
https://doi.org/10.1111/j.1744-313X.1996.tb00259.x
https://doi.org/10.1016/S0161-5890(01)00075-X
https://doi.org/10.1016/S0161-5890(01)00075-X

Dickerson and Findly

Model of Teleost Adaptive Immunity

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Wilson MR, Zhou H, Bengten E, Clem LW, Stuge TB, Warr GW, et al. T-cell
receptors in channel catfish: structure and expression of TCR alpha and beta
genes. Mol Immunol (1998) 35(9):545-57. doi:10.1016/S0161-5890(98)00037-6
Zhao X, Findly RC, Dickerson HW. Cutaneous antibody-secreting cells and
B cells in a teleost fish. Dev Comp Immunol (2008) 32(5):500-8. doi:10.1016/
j.dci.2007.08.009

Zhou H, Bengten E, Miller NW, Clem LW, Wilson M. The T cell receptor
beta locus of the channel catfish, Ictalurus punctatus, reveals unique features.
J Immunol (2003) 170(5):2573-81. doi:10.4049/jimmunol.170.5.2573

Yang E, Ventura-Holman T, Waldbieser GC, Lobb CJ. Structure, genomic
organization, and phylogenetic implications of six new VH families in the
channel catfish. Mol Immunol (2003) 40(5):247-60. doi:10.1016/S0161-
5890(03)00143-3

Peatman E, Lange M, Zhao H, Beck BH. Physiology and immunology of muco-
sal barriers in catfish (Ictalurus spp.). Tissue Barriers (2015) 3(4):e1068907.
doi:10.1080/21688370.2015.1068907

Edholm ES, Bengten E, Stafford JL, Sahoo M, Taylor EB, Miller NW, et al.
Identification of two IgD+ B cell populations in channel catfish, Ictalurus
punctatus. ] Immunol (2010) 185(7):4082-94. doi:10.4049/jimmunol. 1000631
Edholm E-S, Stafford JL, Quiniou SM, Waldbieser G, Miller NW, Bengtén E,
et al. Channel catfish, Ictalurus punctatus, CD4-like molecules. Dev Comp
Immunol (2007) 31(2):172-87. doi:10.1016/j.dci.2006.05.012

Liu L, Li C, Su B, Beck BH, Peatman E. Short-term feed deprivation alters
immune status of surface mucosa in channel catfish (Ictalurus punctatus).
PLoS One (2013) 8(9):€74581. doi:10.1371/journal.pone.0074581

Liu Z, Liu S, Yao J, Bao L, Zhang J, Li Y, et al. The channel catfish genome
sequence provides insights into the evolution of scale formation in teleosts.
Nat Commun (2016) 7:11757. d0i:10.1038/ncomms11757

Yang F, Waldbieser GC, Lobb CJ. The nucleotide targets of somatic mutation
and the role of selection in immunoglobulin heavy chains of a teleost fish.
J Immunol (2006) 176(3):1655-67. doi:10.4049/jimmunol.176.3.1655
Saunders HL, Oko AL, Scott AN, Fan CW, Magor BG. The cellular context
of AID expressing cells in fish lymphoid tissues. Dev Comp Immunol (2010)
34(6):669-76. d0i:10.1016/j.dci.2010.01.013

Quiniou SM, Sahoo M, Edholm ES, Bengten E, Wilson M. Channel catfish
CD8alpha and CD8beta co-receptors: characterization, expression and
polymorphism. Fish Shellfish Immunol (2011) 30(3):894-901. doi:10.1016/j.
£5i.2011.01.011

Lobb CJ, Clem LW. Distinctive subpopulations of catfish serum antibody
and immunoglobulin. Mol Immunol (1983) 20(8):811-8. doi:10.1016/0161-
5890(83)90077-9

Bromage ES, Ye ], Kaattari SL. Antibody structural variation in rainbow
trout fluids. Comp Biochem Physiol B Biochem Mol Biol (2006) 143(1):61-9.
doi:10.1016/j.cbpb.2005.10.003

Ye J, Bromage ES, Kaattari SL. The strength of B cell interaction with antigen
determines the degree of IgM polymerization. ] Immunol (2010) 184(2):
844-50. doi:10.4049/jimmunol.0902364

Chen K, Xu W, Wilson M, He B, Miller NW, Bengten E, et al. Inmunoglobulin
D enhances immune surveillance by activating antimicrobial, proinflam-
matory and B cell-stimulating programs in basophils. Nat Immunol (2009)
10(8):889-98. doi:10.1038/ni.1748

Danilova N, Bussmann J, Jekosch K, Steiner LA. The immunoglobulin
heavy-chain locus in zebrafish: identification and expression of a previously
unknown isotype, immunoglobulin Z. Nat Immunol (2005) 6(3):295-302.
doi:10.1038/ni1166

Lobb CJ. Secretory immunity induced in channel catfish, Ictalurus puncta-
tus, following bath immunization. Dev Comp Immunol (1987) 11:727-38.
doi:10.1016/0145-305X(87)90060-7

Xu DH, Klesius PH, Shelby RA. Cutaneous antibodies in excised skin from
channel catfish, Ictalurus puctatus Rafinesque, immune to Ichthyophthirius
mutlfiliis. ] Fish Dis (2002) 25:45-52. d0i:10.1046/j.1365-2761.2002.00339.x
Wakae K, Magor BG, Saunders H, Nagaoka H, Kawamura A, Kinoshita K,
et al. Evolution of class switch recombination function in fish activation-
induced cytidine deaminase, AID. Int Immunol (2006) 18(1):41-7. doi:10.1093/
intimm/dxh347

Barreto VM, Pan-Hammarstrom Q, Zhao Y, Hammarstrom L, Misulovin Z,
Nussenzweig MC. AID from bony fish catalyzes class switch recombination.
J Exp Med (2005) 202:733-8. doi:10.1084/jem.20051378

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Saunders HL, Magor BG. Cloning and expression of the AID gene in the
channel catfish. Dev Comp Immunol (2004) 28:657-63. doi:10.1016/j.dci.
2004.01.002

Gong YE Xiang LX, Shao JZ. CD154-CD40 interactions are essential for
thymus-dependent antibody production in zebrafish: insights into the
origin of costimulatory pathway in helper T cell-regulated adaptive immu-
nity in early vertebrates. J Immunol (2009) 182(12):7749-62. doi:10.4049/
jimmunol.0804370

Miller NW, Sizemore RC, Clem LW. Phylogeny of lymphocyte heterogeneity:
the cellular requirements for in vitro antibody responses of channel catfish
leukocytes. J Immunol (1985) 134(5):2884.

Murphy K, Weaver C. Janeways Immunobiology. 9th ed. (Vol. 2016).
New York, NY: Garland Science (2016). 928 p.

Lefrangois L, Masopust D. T cell immunity in lymphoid and non-
lymphoid tissues. Curr Opin Immunol (2002) 14(4):503-8. doi:10.1016/
$0952-7915(02)00360-6

Masopust D, Picker LJ. Hidden memories: frontline memory T cells and
early pathogen interception. J Immunol (2012) 188(12):5811-7. doi:10.4049/
jimmunol.1102695

McHeyzer-Williams L], McHeyzer-Williams MG. Antigen-specific memory
B cell development. Annu Rev Immunol (2005) 23:487-513. doi:10.1146/
annurev.immunol.23.021704.115732

Mei HE, Yoshida T, Sime W, Hiepe FE, Thiele K, Manz RA, et al. Blood-borne
human plasma cells in steady state are derived from mucosal immune
responses. Blood (2009) 113(11):2461-9. doi:10.1182/blood-2008-04-
153544

Sallusto F, Lanzavecchia A, Araki K, Ahmed R. From vaccines to memory
and back. Immunity (2010) 33(4):451-63. doi:10.1016/j.immuni.2010.10.008
Tangye SG, Tarlinton DM. Memory B cells: effectors of long-lived
immune responses. Eur ] Immunol (2009) 39(8):2065-75. doi:10.1002/eji.
200939531

Dickerson HW. Ichthyophthirius multifiliis and Cryptocaryon irritans (phylum
Ciliophora). 2nd ed. In: Woo PTK, editor. Fish Diseases and Disorders
Volume 1 Protozoan and Metazoan Infections. (Vol. 1), Wallingford, UK: CAB
International (2006). p. 116-53.

Dickerson HW. Ichthyophthirius multifiliis. In: Patrick TK, Woo KB,
editors. Fish Parasites Pathobiology and Protection. Wallingford: CABI (2012).
p. 55-72.

Dickerson HW, Findly RC. Immunity to Ichthyophthirius infections in
fish: a synopsis. Dev Comp Immunol (2014) 43(2):290-9. doi:10.1016/j.dci.
2013.06.004

Maki JL, Dickerson HW. Systemic and cutaneous mucus antibody responses
of channel catfish immunized against the protozoan parasite Ichthyophthirius
multifiliis. Clin Diagn Lab Immunol (2003) 10(5):876-81. do0i:10.1128/
CDLI.10.5.876-881.2003

Clark TG, Lin TL, Dickerson HW. Surface antigen cross-linking triggers
forced exit of a protozoan parasite from its host. Proc Natl Acad Sci U S A
(1996) 93(13):6825-9. doi:10.1073/pnas.93.13.6825

Xu Z, Parra D, Gomez D, Salinas I, Zhang YA, von Gersdorff Jorgensen L,
et al. Teleost skin, an ancient mucosal surface that elicits gut-like immune
responses. Proc Natl Acad Sci U S A (2013) 110(32):13097-102. doi:10.1073/
pnas.1304319110

Clark TG, Lin T, Dickerson HW. Surface immobilization antigens of Ichthy-
ophthirius multifiliis: their role in protective immunity. Annu Rev Fish Dis
(1995) 5:113-31. doi:10.1016/0959-8030(95)00005-4

Wang X, Clark TG, Noe ], Dickerson HW. Immunisation of channel catfish,
Ictalurus punctatus, with Ichthyophthirius multifiliis immobilisation antigens
elicits serotype-specific protection. Fish Shellfish Immunol (2002) 13(5):
337-50. doi:10.1006/fsim.2001.0410

Wang X, Dickerson HW. Surface immobilization antigen of the parasitic
ciliate Ichthyophthirius multifiliis elicits protective immunity in channel
catfish (Ictalurus punctatus). Clin Diagn Lab Immunol (2002) 9(1):176-81.
doi:10.1128/CDLI.9.1.176-181.2002

McCulloch R, Field MC. Quantitative sequencing confirms VSG diversity as
central to immune evasion by Trypanosoma brucei. Trends Parasitol (2015)
31(8):346-9. doi:10.1016/j.pt.2015.05.001

Dickerson H, Clark T. Immune response of fishes to ciliates. Annu Rev Fish
Dis (1996) 6:107-20. doi:10.1016/S0959-8030(96)90008-3

Frontiers in Immunology | www.frontiersin.org

October 2017 | Volume 8 | Article 1379


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/S0161-5890(98)00037-6
https://doi.org/10.1016/
j.dci.2007.08.009
https://doi.org/10.1016/
j.dci.2007.08.009
https://doi.org/10.4049/jimmunol.170.5.2573
https://doi.org/10.1016/S0161-
5890(03)00143-3
https://doi.org/10.1016/S0161-
5890(03)00143-3
https://doi.org/10.1080/21688370.2015.1068907
https://doi.org/10.4049/jimmunol.1000631
https://doi.org/10.1016/j.dci.2006.05.012
https://doi.org/10.1371/journal.pone.0074581
https://doi.org/10.1038/ncomms11757
https://doi.org/10.4049/jimmunol.176.3.1655
https://doi.org/10.1016/j.dci.2010.01.013
https://doi.org/10.1016/j.fsi.2011.01.011
https://doi.org/10.1016/j.fsi.2011.01.011
https://doi.org/10.1016/0161-
5890(83)90077-9
https://doi.org/10.1016/0161-
5890(83)90077-9
https://doi.org/10.1016/j.cbpb.2005.10.003
https://doi.org/10.4049/jimmunol.0902364
https://doi.org/10.1038/ni.1748
https://doi.org/10.1038/ni1166
https://doi.org/10.1016/0145-305X(87)90060-7
https://doi.org/10.1046/j.1365-2761.2002.00339.x
https://doi.org/10.1093/intimm/dxh347
https://doi.org/10.1093/intimm/dxh347
https://doi.org/10.1084/jem.20051378
https://doi.org/10.1016/j.dci.
2004.01.002
https://doi.org/10.1016/j.dci.
2004.01.002
https://doi.org/10.4049/jimmunol.0804370
https://doi.org/10.4049/jimmunol.0804370
https://doi.org/10.1016/S0952-7915(02)00360-6
https://doi.org/10.1016/S0952-7915(02)00360-6
https://doi.org/10.4049/jimmunol.1102695
https://doi.org/10.4049/jimmunol.1102695
https://doi.org/10.1146/annurev.immunol.23.021704.115732
https://doi.org/10.1146/annurev.immunol.23.021704.115732
https://doi.org/10.1182/blood-2008-04-153544
https://doi.org/10.1182/blood-2008-04-153544
https://doi.org/10.1016/j.immuni.2010.10.008
https://doi.org/10.1002/eji.
200939531
https://doi.org/10.1002/eji.
200939531
https://doi.org/10.1016/j.dci.
2013.06.004
https://doi.org/10.1016/j.dci.
2013.06.004
https://doi.org/10.1128/CDLI.10.5.876-881.2003
https://doi.org/10.1128/CDLI.10.5.876-881.2003
https://doi.org/10.1073/pnas.93.13.6825
https://doi.org/10.1073/pnas.1304319110
https://doi.org/10.1073/pnas.1304319110
https://doi.org/10.1016/0959-8030(95)00005-4
https://doi.org/10.1006/fsim.2001.0410
https://doi.org/10.1128/CDLI.9.1.176-181.2002
https://doi.org/10.1016/j.pt.2015.05.001
https://doi.org/10.1016/S0959-8030(96)90008-3

Dickerson and Findly

Model of Teleost Adaptive Immunity

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Salinas I, Zhang Y-A, Sunyer JO. Mucosal immunoglobulins and B cells of tele-
ost fish. Dev Comp Immunol (2011) 35:1346-65. doi:10.1016/j.dci.2011.11.009
Ye J, Kaattari I, Kaattari S. Plasmablasts and plasma cells: reconsidering teleost
immune system organization. Dev Comp Immunol (2011) 35(12):1273-81.
doi:10.1016/j.dci.2011.03.005

Dickerson HW. The biology of teleost mucosal immunity. 1st ed. In: Giacomo Z,
Perriere C, Mathis A, Kapoor BG, editors. Fish Defenses Volume 2: Patho-
gens, Parasites and Predators 2. Enfield, NH, USA: Science Publishers (2009).
p. 1-42.

Amanna IJ, Carlson NE, Slifka MK. Duration of humoral immunity to
common viral and vaccine antigens. N Engl ] Med (2007) 357(19):1903-15.
doi:10.1056/NEJMo0a066092

Bromage ES, Kaattari IM, Zwollo P, Kaattari SL. Plasmablast and plasma
cell production and distribution in trout immune tissues. J Immunol (2004)
173(12):7317-23. doi:10.4049/jimmunol.173.12.7317

Fischer C, Bouneau L, Ozouf-Costaz C, Crnogorac-Jurcevic T, Weissenbach J,
Bernot A. Conservation of the T-cell receptor alpha/delta linkage in the
teleost fish Tetraodon nigroviridis. Genomics (2002) 79(2):241-8. doi:10.1006/
geno.2002.6688

Meeker ND, Smith AC, Frazer JK, Bradley DF, Rudner LA, Love C, et al.
Characterization of the zebrafish T cell receptor beta locus. Immunogenetics
(2010) 62(1):23-9. doi:10.1007/s00251-009-0407-6

Wermenstam NE, Pilstrom L. T-cell antigen receptors in Atlantic cod
(Gadus morhua 1): structure, organisation and expression of TCR alpha
and beta genes. Dev Comp Immunol (2001) 25(2):117-35. doi:10.1016/
S0145-305X(00)00049-5

Yazawa R, Cooper GA, Hunt P, Beetz-Sargent M, Robb A, Conrad M, et al.
Striking antigen recognition diversity in the Atlantic salmon T-cell receptor
alpha/delta locus. Dev Comp Immunol (2008) 32(3):204-12. doi:10.1016/j.
dci.2007.05.002

Wienholds E, Schulte-Merker S, Walderich B, Plasterk RH. Target-selected
inactivation of the zebrafish ragl gene. Science (2002) 297(5578):99-102.
doi:10.1126/science.1071762

Davis MM, Bjorkman PJ. T-cell antigen receptor genes and T-cell recognition.
Nature (1988) 334(6181):395-402. doi:10.1038/334395a0

70.

71.

72.

73.

74.

75.

76.

Findly RC, Niagro FD, Dickerson HW. The expressed TCRbeta CDR3 rep-
ertoire is dominated by conserved DNA sequences in channel catfish. Dev
Comp Immunol (2017) 68:26-33. doi:10.1016/j.dci.2016.11.010

Freeman JD, Warren RL, Webb JR, Nelson BH, Holt RA. Profiling the T-cell
receptor beta-chain repertoire by massively parallel sequencing. Genome Res
(2009) 19(10):1817-24. doi:10.1101/gr.092924.109

Robins HS, Srivastava SK, Campregher PV, Turtle CJ, Andriesen ],
Riddell SR, et al. Overlap and effective size of the human CD8+ T cell
receptor repertoire. Sci Transl Med (2010) 2(47):47ra64. doi:10.1126/
scitranslmed.3001442

Tornini VA, Poss KD. Keeping at arm’s length during regeneration. Dev Cell
(2014) 29(2):139-45. doi:10.1016/j.devcel.2014.04.007

Boudinot P, Boubekeur S, Benmansour A. Rhabdovirus infection induces
public and private T cell responses in teleost fish. JImmunol (2001)
167(11):6202-9. d0i:10.4049/jimmunol.167.11.6202

Warren RL, Freeman JD, Zeng T, Choe G, Munro S, Moore R, et al. Exhaustive
T-cell repertoire sequencing of human peripheral blood samples reveals
signatures of antigen selection and a directly measured repertoire size of at
least 1 million clonotypes. Genome Res (2011) 21(5):790-7. doi:10.1101/gr.
115428.110

Castro R, Navelsaker S, Krasnov A, Du Pasquier L, Boudinot P. Describing
the diversity of Ag specific receptors in vertebrates: contribution of reper-
toire deep sequencing. Dev Comp Immunol (2017) 75:28-37. doi:10.1016/j.
dci.2017.02.018

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2017 Dickerson and Findly. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

October 2017 | Volume 8 | Article 1379


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/j.dci.2011.11.009
https://doi.org/10.1016/j.dci.2011.03.005
https://doi.org/10.1056/NEJMoa066092
https://doi.org/10.4049/jimmunol.173.12.7317
https://doi.org/10.1006/geno.2002.6688
https://doi.org/10.1006/geno.2002.6688
https://doi.org/10.1007/s00251-009-0407-6
https://doi.org/10.1016/S0145-305X(00)00049-5
https://doi.org/10.1016/S0145-305X(00)00049-5
https://doi.org/10.1016/j.dci.2007.05.002
https://doi.org/10.1016/j.dci.2007.05.002
https://doi.org/10.1126/science.1071762
https://doi.org/10.1038/334395a0
https://doi.org/10.1016/j.dci.2016.11.010
https://doi.org/10.1101/gr.092924.109
https://doi.org/10.1126/scitranslmed.3001442
https://doi.org/10.1126/scitranslmed.3001442
https://doi.org/10.1016/j.devcel.2014.04.007
https://doi.org/10.4049/jimmunol.167.11.6202
https://doi.org/10.1101/gr.
115428.110
https://doi.org/10.1101/gr.
115428.110
https://doi.org/10.1016/j.dci.2017.02.018
https://doi.org/10.1016/j.dci.2017.02.018
http://creativecommons.org/licenses/by/4.0/

	Vertebrate Adaptive Immunity—Comparative Insights from 
a Teleost Model
	Introduction
	Channel Catfish—An Established Fish Model
	Adaptive Immunity and I. multifiliis—A Protozoan Pathogen of Fishes
	αβ T Cell Receptor (TCR) Repertoires
	Public and Private Clonotypes in the Immune Repertoire
	Non-Random Selection of DNA Sequences Coding for Dominant Clonotypes

	Future Work
	Author Contributions
	Funding
	References


