
Molecular Immunology 154 (2023) 33–44

0161-5890/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

A subset of leukocyte immune-type receptors (LITRs) regulates 
phagocytosis in channel catfish (Ictalurus punctatus) leukocytes 

Jonathan Crider a,b, Melanie Wilson a,b, Kristianna L. Felch a,b, Rebecca A. Dupre c,d, 
Sylvie M.A. Quiniou e, Eva Bengtén a,b,* 

a Center for Immunology and Microbial Research, University of Mississippi Medical Center, 2500 North State Street, Jackson, MS 39216, USA 
b Department of Cell and Molecular Biology, University of Mississippi Medical Center, 2500 North State Street, Jackson, MS 39216, USA 
c Oak Ridge Institute for Science and Education, US Department of Energy, 1299 Bethel Valley Rd, Oak Ridge, TN 37831-0117, USA 
d Food Processing and Sensory Quality Unit, USDA-ARS, 1100 Allen Toussaint Blvd, New Orleans, LA 70124, USA 
e Warmwater Aquaculture Research Unit, USDA-ARS-WARU, P.O. BOX 38, Stoneville, MS 38776, USA   

A R T I C L E  I N F O   

Keywords: 
Paired receptors 
Immunoregulatory receptors 
Phagocytosis 
Inhibitory signaling 
Cytoplasmic tails 
Innate immunity 
Leukocyte immune-type receptors 
Channel catfish 

A B S T R A C T   

Channel catfish, Ictalurus punctatus, leukocyte immune-type receptors (LITRs) constitute a large family of paired, 
immunoregulatory receptors unique to teleosts. A role for LITRs in phagocytosis has been proposed based on 
studies in mammalian cell lines; however, LITR-mediated phagocytosis has not been examined in the catfish 
model. In this study, we use two anti-LITR monoclonal antibodies, CC41 and 125.2, to contrast the effects of 
crosslinking subsets of inhibitory and activating LITRs. Briefly, LITRs expressed by catfish γδ T cells, αβ T cells, 
and macrophage cell lines were crosslinked using mAb-conjugated fluorescent microbeads, and bead uptake was 
evaluated by flow cytometry and confirmed by confocal microscopy. A clear difference in the uptake of 125.2- 
and CC41-conjugated beads was observed. Crosslinking LITRs with mAb 125.2 resulted in efficient bead inter-
nalization, while mAb CC41 crosslinking of inhibitory LITRs resulted predominantly in a capturing phenotype. 
Pretreating catfish macrophages with mAb CC41 resulted in a marked decrease in LITR-mediated phagocytosis of 
125.2-conjugated beads. Overall, these findings provide insight into fish immunobiology and validate LITRs as 
regulators of phagocytosis in catfish macrophages and γδ T cells.   

1. Introduction 

Paired receptors are families of membrane-bound inhibitory or 
activating receptors that regulate essential innate immune functions 
such as cell-mediated cytotoxicity, degranulation, and phagocytosis. 

Multiple families of paired receptors have been identified in vertebrates 
(Kuroki et al., 2012; Schwarz et al., 2017; Borrego, 2013; Barclay and 
van den Berg, 2014). Their ligand-binding extracellular domain struc-
tures place them either into the immunoglobulin superfamily (IgSF; e.g., 
FcRs, FCRLs, KIRs, LILRs, SIRPs, CD200R, CD300, TREMs, CEACAMs) or 
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into the C-type lectin-like family (e.g., Ly49, NKG2D, CD94-NKG2, 
Siglecs; reviewed in Akkaya and Barclay, 2013; Martinet and Smyth, 
2015). While inhibitory and activating paired receptors display a high 
percentage of amino acid sequence identity in their extracellular do-
mains, their transmembrane and cytoplasmic regions differ (Yamada 
and McVicar, 2008). Inhibitory receptors have a neutral transmembrane 
(TM) region, a long cytoplasmic tail (CYT) with one or more inhibitory 
motifs, i.e., immunoreceptor tyrosine-based inhibitory motifs (ITIMs) 
and immunoreceptor tyrosine-based switch motifs (ITSMs; reviewed in 
Billadeau and Leibson, 2002; Daëron et al., 2008). In contrast, activating 
paired receptors usually have a shorter CYT and a charged residue 
(lysine or arginine) in their TM region, which mediates their association 
with signaling adaptor molecules, such as the DAP10, DAP12, or the 
FcRγ signaling chain (Vély and Vivier, 1997; reviewed in Lanier, 2009). 

In teleosts, unique families of IgSF paired immunoregulatory re-
ceptors include novel immune-type receptors (NITRs; Strong et al., 
1999; Yoder et al., 2001, 2004; Evenhuis et al., 2007; Wei et al., 2007; 
Dornburg et al., 2021); polymeric immunoglobulin receptor-like pro-
teins (PIGRL; Ribeiro et al., 2011; Kortum et al., 2014; Etayo et al., 
2022); diverse immunoglobulin domain-containing proteins (DICPs; 
Haire et al., 2012; Boudinot et al., 2014; Rodriguez-Nunez et al., 2016; 
Gao et al., 2018); novel immunoglobulin-like transcripts (NILTs; Stet 
et al., 2005; Kock and Fischer, 2008; Østergaard et al., 2009, 2010; 
Rodríguez-Nunez et al., 2014; Wcisel et al., 2022), and leukocyte 
immune-type receptors (LITRs; Stafford et al., 2006; Stafford et al., 
2007; Wang et al., 2020). Leukocyte immune-type receptors were first 
identified in channel catfish, and they constitute a large, diverse re-
ceptor family expressed by catfish NK cells, cytotoxic T cells, B cells, and 
42TA macrophages (Stafford et al., 2006). Our initial phylogenetic an-
alyses of IpLITR Ig domains suggested that LITRs shared a common 
ancestor with FCRs and FCRLs. This evolutionary relationship was 
supported by recent genomic analyses and comparisons of genomes 
from teleosts and other vertebrates (Wang et al., 2021). Moreover, this 
review demonstrated conserved synteny between LITR and FCRL chro-
mosomal regions, i.e., teleost LITRs, like FCRLs in Xenopus tropicalis and 
humans, are encoded on large genomic clusters that are linked to genes 
encoding slam family members, vangl2, and arhgedf11 (Wang et al., 
2021). 

Functional studies using epitope-tagged, chimeric LITRs over- 
expressed in heterologous systems have yielded valuable insights into 
LITR signaling and its potential roles in degranulation and phagocytosis 
(Fei et al., 2016). For example, in transient transfections of human 
embryonic kidney (HEK) 293 T cells, activating IpLITR2.6b associated 
with epitope-tagged IpFcRγ, IpFcRγ-L, or IpCD3ζ-L adaptor proteins 
(Mewes et al., 2009). Building on this work, Montgomery et al., 2009, 
2012, expressed chimeric receptors consisting of the human KIR2DL3 
fused with the CYT regions of inhibitory IpLITR1.1b or IpLITR1.2a in 
mouse lymphokine-activated killer (LAK) cells using a vaccinia virus 
vector. This model demonstrated that IpLITR CYTs could inhibit the 
killing of B cells that expressed the KIR2DL3 ligand, HLA-Cw3, on their 
surface (Montgomery et al., 2012). Importantly, Src homology-2 
domain-containing protein tyrosine phosphatases (SHP)- 1, SHP-2, and 
C-terminal Src kinase (Csk) were shown to participate in the inhibitory 
signaling activity of ITIM-containing IpLITR1.1b following phosphory-
lation (Montgomery et al., 2009, 2012). In a complementary study, 
Cortes et al. (2012), stably expressed hemagglutinin (HA)-tagged 
IpLITR2.6b-FcRγ-L chimeric receptors in rat basophilic leukemia 
(RBL-2H3) cells, and crosslinking these tagged receptors activated the 
Erk1/Erk2 pathway and induced degranulation. Furthermore, the 
HA-tagged IpLITR chimeric receptors mediated phagocytosis of anti-HA 
opsonized microbeads. More recently, imaging flow cytometry and 
confocal microscopy demonstrated that activating IpLITR2.6b-FcRγ-L 
and inhibitory IpLITR1.1b mediate signaling events that result in F-actin 
polymerization and the formation of phagocytic cups (Zwozdesky et al., 
2017; Lillico et al., 2018, 2020; Jones and Stafford, 2019). However, 
only the activating IpLITR2.6b mediated efficient bead uptake and 

phagosome formation. This uptake was accompanied by an accumula-
tion of phosphotyrosines within the phagocytic cups. The simultaneous 
cross-linking of the activating IpLITR2.6b and the inhibitory IpLITR1.1b 
resulted in 50 % reduced phosphotyrosine activity compared to cross-
linking IpLITR2.6b alone (Fei et al., 2020). These studies confirmed that 
IpLITR 1.1b is an effective inhibitor of IpLITR2.6b/IpFcRγ-L-mediated 
phagocytosis in mammalian cells. However, IpLITR-mediated phago-
cytosis has not been examined in the catfish model. 

One of the strengths of the channel catfish model is its viable in vitro 
cell culture system and the long-term functionally distinct clonal 
lymphocyte and macrophage cell lines (Miller et al., 1987; Vallejo et al., 
1991; Miller et al., 1994a, 1994b, 1998; Clem et al., 1996; Stuge et al., 
1997; Taylor et al., 2020). The catfish long-term B, T, and macrophage 
cell lines were established without using transformation protocols, while 
our NK and cytotoxic T lymphocytes (CTL) lines were developed using 
allogeneic stimulation (Shen et al., 2002, 2003, 2004; Stuge et al., 
2000). Two of these cell lines, NK TS10.1 and CTL TS32.15, were used 
separately to immunize Balb/c mice and develop monoclonal anti-
bodies. One mAb, CC41, reacted with subsets of long LITR isoforms 
expressed at high density on catfish cytotoxic T cells and NK cells (Shen 
et al., 2004; Taylor et al., 2016). Importantly, we demonstrated that 
CC41 could be used to monitor in vivo cytotoxic cell responses to 
infection with channel catfish virus (CCV). An increase in the population 
of CC41bright peripheral blood leukocytes (PBLs) was readily observed 
five days after immunization (Taylor et al., 2016). These CC41bright PBLs 
specifically killed CCV-infected syngeneic targets. Notably, 
pre-treatment of cytotoxic cells with mAb CC41 resulted in a 40 % 
reduction in their cytotoxic activity against CCV-infected targets, and 
based on this inhibition, we hypothesized that mAb CC41 preferentially 
binds inhibitory IpLITR isoforms. In a follow-up study, Blackmon et al., 
2020, developed a co-culture model using catfish head kidney-derived 
macrophages infected with the intracellular pathogen, Edwardsiella 
ictaluri, and demonstrated that mAb CC41-reactive PBLs proliferated in 
this environment. As part of this project, a CC41 binding site was 
mapped to the D2-D3 interdomain hinge region of inhibitory LITR32.15 
1.1a (Blackmon et al., 2020). Combined, these catfish studies demon-
strated that IpLITRs are involved in cell-mediated immunity. 

In this present study, we extend the studies by the Stafford laboratory 
and examine IpLITR-regulated phagocytosis in catfish cells. We take 
advantage of two anti-IpLITR mAbs, CC41 and 125.2, and demonstrate 
the effects of crosslinking subsets of inhibitory and activating LITRs 
using mAb-conjugated fluorescent microbeads in catfish T cell and 
macrophage cell lines. 

2. Materials and methods 

2.1. Experimental animals and leukocyte isolation 

Outbred channel catfish were obtained from the Warmwater Aqua-
culture Research Unit in Stoneville, MS (USDA-Agriculture Research 
Service) and were individually housed as described in van Ginkel et al. 
(1992). All fish were maintained and handled according to institutional 
and national guidelines using protocols, #1128 and #1218, approved by 
the University of Mississippi Medical Center (UMMC) Institutional An-
imal Care and Use Committee (IACUC). Catfish were anesthetized with 
tricaine methanesulfonate (MS-222; Syndel), and blood was collected 
from the caudal vein using heparinized vacutainer tubes. Catfish pe-
ripheral blood leukocytes (PBLs) were isolated using Ficcoll-Hypaque 
(Accurate Chemical) density gradient centrifugation as described by 
Miller et al. (1994a). 

2.2. Cell lines and cell culture 

Catfish clonal cell lines and PBLs were cultured in AL-5 media or 
conditioned media at 27 ◦C with 5 % CO2. AL-5 media consists of equal 
parts AIM V medium and L-15 medium (Invitrogen) adjusted to catfish 
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tonicity and supplemented with 1 μg/mL NaHCO3, 50 U/mL penicillin, 
50 μg/mL streptomycin, 50 μM βME and supplemented with 5 % heat- 
inactivated pooled catfish serum (Miller, 1994a; Miller, 1994b). The 
conditioned media consists of AL-5 supplemented with 5 % filtered 
culture supernatant from catfish 28S.3 T cells and 5 % filtered culture 
supernatant from catfish 42TA macrophages. TS32.15 is a CTL clonal 
cell line, which requires weekly stimulation with irradiated allogenic 
3B11 B cells (Stuge et al., 2000). Catfish clonal T cell lines, G14D and 
28S.3 (Hogan et al., 1999; Wilson et al., 1998), and clonal B cell lines, 
1G8 and 3B11 (Miller et al., 1994b; Wilson et al., 1997), are autonomous 
cell lines and do not require re-stimulation with allogeneic targets. The 
G14D γδ T cell line was established from PBLs isolated from a 
second-generation gynogenetic catfish (Hogan et al., 1999). The 42TA 
macrophage cell line is a non-clonal autonomous cell line that also 
contains some T cells that are required for the continuous growth of the 
culture (Vallejo et al., 1991). Mixed leukocyte cell cultures (MLCs) were 
established by culturing catfish PBLs in AL-5 media in the presence of 
irradiated allogenic 3B11 targets as described by Stuge et al. (1997). The 
MLCs were maintained by weekly restimulations with irradiated 3B11 B 
cells. 

2.3. Monoclonal Abs 

The mouse mAbs used in this study were anti-LITR, CC41 (IgG1κ), 
anti-LITR, 125.2 (IgG1κ), and anti-rainbow trout IgM, 1.14 (IgG1κ), 
which was used as an isotype control (Taylor et al., 2016; DeLuca et al., 
1983). The monoclonal Ab 125.2 was obtained from BALB/c mice 
immunized with catfish TS32.15 CTLs using established protocols 
(Moretta et al., 1985; Campbell, 1991). Hybridomas were grown in 
media consisting of advanced Dulbecco’s Modified Eagle Medium 
(DMEM, Gibco) with L-glutamine, 50 U/mL penicillin, 50 mg/mL 
streptomycin, and 15 % fetal bovine serum (FBS). Monoclonal 
antibody-containing culture supernatants were filtered (0.22 µm), ali-
quoted, and stored at − 20oC. Each mAb was affinity-purified using a 
Protein A-Sepharose 4B Conjugate column (Thermo Scientific), 
concentrated, and dialyzed into PBS. Monoclonal antibodies were stored 
at 4 oC until used. 

2.4. Co-immunoprecipitations and western blotting 

Anti-catfish LITR mAbs CC41 and 125.2 were used in co- 
immunoprecipitations to capture LITR target proteins. Briefly, 2 × 107 

G14D γδ T cells and 2.5 × 107 cells from an MLC were surface bio-
tinylated, lysed and immunoprecipitated using 125.2 and CC41, 
respectively. Both sets of cells were surface-biotinylated using the EZ- 
Link™ Sulfo-NHS-Biotinylation Kit (Thermo Scientific) according to the 
manufacturer’s protocol with the exception that the buffers were 
adjusted to catfish tonicity (92 %). After harvesting, the cells were 
pelleted by centrifugation at 500 x g and resuspended in lysis buffer (10 
mM Tris, 150 mM NaCl, 1 % NP-40, 1 Protease Inhibitor (Pierce) tablet, 
pH 7.4). The cells were lysed on ice for 15 min and precleared by 
centrifugation at 12,000 x g for 10 min. Prior to immunoprecipitation, 5 
mg of Dynabeads M-270 (Invitrogen) were covalently coupled sepa-
rately with 100 μg of affinity-purified mAb 125.2 or mAb CC41 ac-
cording to the manufacturer’s recommendations. The cleared lysates 
were then incubated with the coupled beads for one hour with end-over- 
end tilting at 4 oC. Proteins eluted from the beads were electrophoresed 
on reducing 10 % SDS-PAGE gels and transferred to PVDF membranes 
(EMD Millipore) for one hour at 100 V. To block non-specific binding, 
PVDF membranes were incubated in tris-buffered saline with 0.1 % 
Tween-20 (TBST) and 5 % BSA overnight at 4 oC. The membranes were 
washed three times in TBST and incubated with streptavidin-HRP 
(1:5000 TBST, 5 % BSA) for one hour at room temperature with 
gentle rocking. Afterwards, the membranes were again washed three 
times, and the biotinylated proteins were visualized using a SuperSignal 
West Pico Chemiluminescent Substrate kit (Thermo Scientific). 

To determine if mAb 125.2 LITRs are tyrosine phosphorylated, G14D 
γδ T cells were treated with pervanadate. Briefly, 1.5 × 107 cells were 
surface biotinylated as above, suspended in pervanadate treatment so-
lution (catfish tonicity phosphate buffered saline (cfPBS) adjusted with 
0.1 mM Na3VO4 and 1.0 mM H2O2) and incubated for 30 min at 27 oC, 5 
% CO2. The G14D cells were then centrifuged, washed with cfPBS to 
remove the pervanadate, and then cell pellets were harvested for 
immunoprecipitation using the Capturem™ IP & Co-IP kit (Takara) and 
purified mAb 125.2. The G14D protein samples were separated using 
reducing 10 % SDS-PAGE, transferred to PVDF membranes, and visu-
alized by western blot. Streptavidin-HRP was used to detect surface 
biotinylated proteins, and mouse anti-phosphotyrosine antibody (clone 
4G10®, MilliporeSigma) followed by GAM IgG2b-HRP was used to 
detect phosphorylated tyrosines in pervanadate-treated samples. 

To identify mAb 125.2 ligands, 1 × 109 G14D cells were immuno-
precipitated using 125.2-coupled Dynabeads M-270 and the resulting 
proteins eluted from the Dynabeads were separated using reducing 10 % 
SDS-PAGE and visualized by Coomassie blue staining. Two protein 
bands of 120 kDa and 140 kDa were excised from the gel and submitted 
to Bioproximity Inc. for in gel-digestion and analysis by nanoLC-MS/MS 
as described in Taylor et al. (2016). 

2.5. Bead conjugation 

Fluorescent yellow-green, Fluoresbrite® YG Carboxylate beads (1.0 
µm; Polysciences, Inc.) were conjugated to mAbs according to the 
manufacturer’s “Carbodiimide” method protocol. For each antibody 
bead set, 50 mg of beads were washed and resuspended in 0.1 M 2-Mor-
pholinoethanesulfonic acid sodium salt (MES) buffer. An equal volume 
of 2 % Carbodiimide was then added, and the bead suspension was 
mixed for 20 min at room temperature. The beads were then washed 
three times in 0.1 M MES buffer. After washing, the beads were resus-
pended in 1.2 mL of 0.2 M Borate buffer, and 200 μg of either affinity- 
purified mAb CC41, 125.2, or 1.14 were added to separate bead prep-
arations. The bead preparations were incubated overnight at room 
temperature using an end-to-end mixer. Afterward, beads were collected 
by centrifugation and resuspended in 0.2 M Borate buffer; the unreacted 
sites on the beads were blocked by adding 50 µL of 0.25 M ethanolamine. 
The beads were then gently mixed for 30 min at room temperature, 
centrifuged, resuspended in 1 mL of 10 mg/mL BSA solution in 0.2 M 
Borate buffer, and incubated for 30 min at room temperature. The bead 
suspensions were then washed again with BSA solution. The antibody- 
conjugated beads were stored at 4 oC in 0.01 M phosphate buffer (pH 
7.4), containing 1 % BSA, 0.1 % sodium azide, and 5 % glycerol. 

The conjugation efficiency was evaluated spectrophotometrically 
(280 nm; ε = 1.37) by measuring the antibody left in the reaction su-
pernatant after the beads were removed by centrifugation. In general, 
the conjugation efficiency was approximately 50 %, i.e., 100 μg of 
antibody was conjugated to the beads. The amount of antibody conju-
gated to the bead surface was also examined by flow cytometry using 
goat anti-mouse IgG1-APC (Southern Biotech) secondary antibody to 
ensure equivalent staining between different sets of mAb-conjugated 
beads. 

2.6. Flow cytometry and phagocytosis assays 

To establish staining profiles with mAbs CC41 and 125.2, 1 × 106 

catfish leukocytes were incubated with 0.25 µg of mAb CC41, 125.2, or 
mAb1.14 (isotype control) in a volume of 100 µL for 15 min on ice. The 
cells were then washed in RPMI 1640 adjusted to catfish tonicity with 
10 % deionized water (cfRPMI) and centrifuged at 500 x g for 5 min. 
After washing, the cells were resuspended in 100 µL of goat anti-mouse 
IgG1-PE (1:80 v/v in cfRPMI 1 % BSA; Southern Biotech) or goat anti- 
mouse IgG1-APC (1:100 v/v in cfRPMI 1 % BSA; Southern Biotech), 
incubated on ice for 15 min and washed again. The cells were resus-
pended in 500 µL of cfRPMI before flow cytometric analysis. 
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The phagocytosis assays in this study were performed using three 
channel catfish cell lines, G14D γδT cells, 28S.3 αβ T cells, 42TA mac-
rophages, and catfish MLCs. Aliquots of each cell line or MLC were 
counted using a hemocytometer and stained with mAb 125.2 or CC41 to 
verify LITRs expression before each experiment. Briefly, a NovoCyte 
3000 flow cytometer was used to determine the number of mAb- 
conjugated fluorescent beads per microliter. Aliquots of 1 × 106 cells 
were placed into flow cytometry tubes, washed, and incubated in a total 
volume of 1 mL cfRPMI 1 % BSA, with either CC41-, 125.2-, or 1.14-con-
jugated beads at bead-to-cell ratios of 2:1, 1:2, 1:4, 1:8. The bead and 
cell suspensions were incubated at 27 oC or on ice for 30 min, one hour, 
or two hours. After incubation and washing, the cells were counter-
stained with a goat anti-mouse IgG1-APC secondary antibody on ice for 
30 min. The bead and cell suspensions were then washed, resuspended 
in 500 µL cfRPMI, and analyzed by flow cytometry. In the experiments 
that examined the effect of mAb CC41 on phagocytosis, 1 × 106 42TA 
macrophages were incubated with either 0.25 µg of mAb CC41 or 0.25 
µg isotype control mAb 1.14 for one hour at room temperature. The 
42TA macrophages were then washed four times in cfRPMI and uptake 
of 125.2- or CC41-conjugated fluorescent beads was examined after one 
hour at 27 oC by flow cytometry. 

In these assays, total cell populations were gated, and cells associated 
with fluorescent YG beads were recorded in the FITC channel. The APC- 
conjugated secondary antibody made it possible to discriminate be-
tween cells with beads bound to their cell surface and cells that had 
phagocytosed their beads. Antibody-conjugated beads that were inter-
nalized were inaccessible to staining with the secondary antibody. The 
double negative gate was set based on the cell population that was not 
associated with beads and did not stain with the secondary antibody. 
The FITC positive, APC negative (FITC+/APC-) gate contained cells that 
had internalized beads but did not have surface-bound beads (Supple-
mental Fig. 1). Importantly, in this flow cytometry assay, cells with 
antibody-conjugated beads bound to their cell surface were counted in 
the double-positive quadrant even if they had phagocytosed several 
beads. Therefore, to minimize skewing of the results, the gates were set 
on cells associated with a single bead and used to calculate the per-
centage of cells that had internalized a bead. 

2.7. Confocal microscopy 

The catfish T cell lines, G14D or 28S.3, were incubated with mAb 
125.2- or mAb CC41-conjugated beads at a cell-to-bead ratio of 1:5 for 
one hour at 27 oC, 5 % CO2. Following bead uptake, the cells were 
stained for 20 min at room temperature with wheat germ agglutinin- 
Texas Red (WGA; 5 µg/mL; 561 nm; Invitrogen) which binds to cell 
surface glycoproteins. The cells were then washed in cfPBS, fixed with 2 
% paraformaldehyde in cfPBS for 15 min at room temperature, and 
nuclei were stained with DAPI (405 nm; Thermo Scientific) at a con-
centration of 1 µg/mL for 5 min. The cells were then washed with cfPBS 
and mounted to slides with ProLong™ Diamond Antifade mountant 
(Invitrogen) for viewing on a Nikon C2+ confocal microscope. Beads 
were visualized using the FITC channel (488 nm), and images were 
captured at a resolution of 1024 × 1024 pixels (G14D) or 512 × 512 
pixels (28S.3), with a Z-step of 0.5 µm and a total of 16 images per Z- 
stack. 

2.8. Statistical analysis 

Graphing and data analyses were performed using GraphPad Prism 
Software version 9.0.2 (Dotmatics). For graphs, error bars represent the 
mean with ± SD. To determine significance, data were analyzed using 
one-way ANOVA with multiple comparisons and Tukey’s post-hoc test. 

3. Results 

3.1. mAb 125.2 recognizes a subset of LITRs distinct from mAb CC41- 
reactive LITRs 

To determine if anti-LITR mAbs 125.2 and CC41 overlap in their 
staining profiles, catfish clonal and primary cell cultures were examined 
using flow cytometry. As shown in Fig. 1, catfish clonal T and B cell lines 
differ in their mAb 125.2 and mAb CC41 staining patterns. The catfish αβ 
T cell lines TS32.15 and 28S.3, each contain a small population of mAb 
125.2-positive cells and stain brightly with mAb CC41 (Fig. 1A). In 
contrast, catfish clonal γδ G14D T cells stain brightly with mAb 125.2 
and do not stain with mAb CC41. Both catfish clonal B cell lines, 1G8 and 
3B11, are mAb 125.2-negative, while 3B11 stains brightly with mAb 
CC41 (Fig. 1B). The 42TA macrophage cell line, which contains a small 
population of T cells (2–10 %), and the MLC stain brightly with both 
mAb 125.2 and mAb CC41 (Fig. 1C). These findings suggest that mAb 
125.2 recognizes ligands distinct from the LITR isoforms bound by mAb 
CC41. Therefore, to identify ligands recognized by mAb 125.2, immu-
noprecipitations were performed using G14D γδ T cells since these cells 
did not stain with mAb CC41 and stained more intensely with mAb 
125.2 compared to our other catfish clonal cell lines. Immunoprecipi-
tations of surface biotinylated G14D γδ T cells yielded several protein 
bands ranging in size from 26 to 150 kDa (Fig. 2A). This was expected 
since G14D expresses LITR transcripts that vary in length from 730 to 
3000 bp (data not shown). The two protein bands of 120 kDa and 140 
kDa were excised, subjected to nanoLC-MS/MS, and verified to contain 
LITR peptides. The 120 kDa protein yielded 30 unique LITR peptides, 
and 16 of these matched sequences within the extracellular Ig domains 
of LITR 2.2.5 (Fig. 2B, Supplementary Table 1). This activating LITR is 
expressed in PBL from a gynogenetic fish of the same lineage as the 
G14D γδ T cell line. The fainter 140 kDa band did not yield any peptides 
in addition to those obtained from the 120 kDa band. In comparison, 
mAb CC41 immunoprecipitations from MLCs predominantly selected 
proteins in the 115–150 kDa range (Fig. 2C). Since we had previously 
demonstrated that CC41-reactive LITRs were tyrosine phosphorylated 
following pervanadate treatment (Taylor et al., 2016), the signaling 
potential of 125.2-reactive LITRs in G14D γδ T cells was examined. 
G14D γδT cells were treated with pervanadate, lysed, and immunopre-
cipitated with mAb 125.2. Unlike CC41-reactive LITRs, 125.2-reactive 
LITRs were not phosphorylated (Fig. 2D). This data suggests that mAb 
125.2 reacts with a subset of LITRs that have short cytoplasmic tails and 
signal through their associated adaptor proteins. The availability of two 
LITR-specific mAbs with different signaling capabilities provides the 
opportunity to explore LITR-mediated phagocytosis in catfish 
leukocytes. 

3.2. mAb 125.2-reactive LITRs mediate phagocytosis in catfish γδ T cells, 
while crosslinking CC41-reactive LITRs results in stalled phagocytosis 

Since mAbs 125.2 and CC41 differentially stain catfish G14D and 
28S.3 T cells, it was possible to examine the independent effects of 
125.2- and CC41-LITR crosslinking using flow cytometry. To establish 
LITR expression before each experiment, catfish G14D T cells were 
stained with mAb 125.2, and 28S.3 T cells were stained with mAb CC41. 
As shown in the histograms in Fig. 3A, 99.9 % of the G14D γδ T cells 
were mAb 125.2-positive, and 97.5 % of the 28S.3 T cells were CC41- 
positive. To examine LITR-mediated phagocytosis in these two autono-
mous T cell lines, G14D γδ T cells were incubated with mAb 125.2-con-
jugated 1.0 µm fluorescent beads, and 28 S.3 αβ T cells were incubated 
with mAb CC41-conjugated 1.0 µm fluorescent beads at a bead to cell 
ratio of 2:1. After one hour, the clonal γδ Τ cells and αβ T cells were 
stained using an APC-conjugated goat anti-mouse IgG1 secondary anti-
body to discriminate between cells associated with surface-bound fluo-
rescent beads and cells that had internalized the beads. Approximately 
6.6 % of all G14D γδ T cells and 14.3 % of 28S.3 αβ T cells had either 
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bound or fully internalized one to four beads (Fig. 3B). This suggests that 
the slightly weaker staining observed with mAb CC41 on 28S.3 T cells 
did not negatively impact their ability to bind beads. In the flow cyto-
metric analysis, cells in the double-negative lower left quadrant are not 
phagocytic, while cells in the single positive (FITC+/APC-) lower right 
quadrant have internalized all the associated beads (Fig. 3C). Also, it 
should be noted that the double positive (FITC+/APC+) upper right 
quadrant contains a mixed population of cells with surface-bound 

fluorescent beads, some of which are non-phagocytic and others that 
have internalized beads. Therefore, in our analyses, we used a high cell- 
to-bead ratio of 2:1 and gated on cells associated with only one fluo-
rescent bead to clearly discriminate between surface-bound and fully 
internalized beads. Still, it is likely that we are underestimating the 
phagocytic activities due to this conservative gating strategy. When 
G14D γδ T cells were incubated at 27℃, 40.96 % of the cells associated 
with one 125.2-conjugated bead had internalized the bead (Fig. 3D). In 

Fig. 1. Anti-LITR mAbs 125.2 and CC41 differentially stain catfish clonal αβ and γδ T cells, clonal 3B11 and 1G8 B cells, 42TA macrophages and catfish mixed 
leukocyte cultures (MLCs). Flow cytometry profiles of catfish clonal (A) TS32.15 αβ T cells, 28S.3 αβ T cells, and G14D γδ T cells, (B) 1G8 and 3B11 B cells, and (C) 
42TA macrophages are compared with profiles from a mixed leukocyte culture (MLC) obtained from catfish PBLs co-cultured with irradiated 3B11 B cells for 6 days. 
The normalized histograms show the clonal cell lines and an MLC staining with mAbs 125.2 (in red) and CC41 (in blue) followed by either PE- or APC-conjugated 
goat anti-mouse IgG. The percentages of positive cells relative to staining with the anti-rainbow trout IgM 1.14 isotype control (in grey) are indicated. 

Fig. 2. mAb 125.2 binds activating LITRs. (A) 5 × 107 surface-biotinylated G14D T cells, were lysed, and immunoprecipitated using mAb 125.2-conjugated M-270 
Dynabeads. The immunoselected proteins were then electrophoresed by reducing SDS-PAGE, transferred to PVDF membranes, and visualized by western blot using 
Streptavidin-HRP. In parallel, an immunoprecipitation was performed using 1 × 109 G14D T cells and mAb 125.2-conjugated M-270 Dynabeads. Immunoselected 
proteins were separated by reducing SDS-PAGE and visualized by Coomassie blue staining (data not shown). The corresponding protein bands indicated by the 
arrows were subjected to nanoLC-MS/MS. (B) A schematic of LITR 2.2.5 is presented on the right, and the positively charged lysine residue in the TM sequence is 
indicated in red. The identified LITR peptides that match the LITR2.2.5 sequence are in bold and underlined. (C) 2.5 × 107 cells from a mixed leukocyte culture were 
treated as in (A) and immunoprecipitated with mAb CC41. (D) 1.5 × 107 G14D T cells were treated with pervanadate, lysed, and either electrophoresed directly as in 
(A) or immunoprecipitated with 125.2 and separated by SDS-PAGE. The proteins were then transferred to PVDF membranes, and phosphorylated proteins were 
visualized by western blot. The total cell lysates include tyrosine phosphorylated proteins (left) and the 125.2 immunoselected proteins which were not phos-
phorylated (right). 
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contrast, only 4.49 % of the 28S.3 T cells associated with one CC41- 
conjugated bead internalized the bead. In comparison, when catfish T 
cells were incubated on ice, the internalization of 125.2-conjugated 

beads by G14D was reduced to 21.95 %, and the uptake of CC41- 
conjugated beads by 28S.3 T cells was reduced to 0.32 %. Combined, 
these results suggest that crosslinking with mAb 125.2 mediates 

Fig. 3. LITR-crosslinking on G14D with mAbs 125.2 and CC41 result in different phagocytic phenotypes. (A) Catfish clonal G14D γδ T cells and 28S.3 αβ T cells were 
stained with anti-LITR mAbs 125.2 (red) and CC41 (blue), respectively, to confirm LITR expression. The isotype control mAb 1.14 is in gray. (B) In parallel, G14D and 
28S.3 T cells were separately incubated with mAb 125.2-conjugated (red) or CC41-conjugated (blue) 1.0 µm fluorescent beads at a cell-to-bead ratio of 2:1 for 1 h at 
27 oC (top panels) or on ice (bottom panels). The cells were then counter-stained with goat anti-mouse IgG1-APC secondary antibody to discriminate between cells 
with surface-bound fluorescent beads and cells that had internalized the beads. Scatter profiles show the gated cell populations, and histograms indicate the per-
centages of cells associated with a single bead. (C) Double-staining discriminates between cells that are not associated with any beads in the double-negative APC-/ 
FITC- lower left quadrant and cells associated with YG fluorescent beads in the upper right and lower right quadrants. Cells in the lower right quadrant have 
internalized all the associated beads and are APC-, while cells in the double-positive upper right quadrant contain a mixed population of cells with beads bound to 
their surface, even if several beads are internalized. (D) To minimize skewing of the results, percentages of cells that had internalized beads were analyzed based on 
cells associated with a single bead. 

Fig. 4. G14D γδ T cells phagocytose mAb 125.2-conjugated beads, while CC41-beads remain at the surface of 28S.3 T cells. (A) G14D T cells were incubated with 
mAb 125.2-conjugated 1.0 µm beads for 1 h at 27 oC, 5 % CO2 at a cell-to-bead ratio of 1:5. The cells were stained with wheat germ agglutinin-Texas Red (WGA) at a 
concentration of 5 µg/mL for 20 min at room temperature. The G14D cells were then washed and fixed with 2 % paraformaldehyde in catfish tonicity PBS for 15 min 
at room temperature and stained with DAPI at a concentration of 1 µg/mL for 5 min (data not shown). Cells were mounted to slides using Prolong Diamond Antifade 
mountant and viewed by confocal microscopy. Yellow arrows indicate the three beads that were taken up by a single G14D cell. (B) 28S.3 T cells were incubated with 
mAb CC41-conjugated beads for 1 h as in (A), and the yellow arrow indicates a single captured bead displayed on the surface of a 28S.3 T cell. 
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phagocytosis more efficiently than mAb CC41-crosslinking. 
To visualize the phenotypic differences in mAb 125.2- and mAb 

CC41-mediated bead interactions, confocal microscopy was performed 
with G14D and 28S.3 T cells. In agreement with the flow cytometry- 
based phagocytosis assays above, confocal images of G14D cells 
showed that these γδ T cells are able to bind and phagocytose mAb 
125.2-conjugated fluorescent 1 µm beads (Fig. 4). However, when 28S.3 
αβ T cells were examined after one hour, mAb CC41-conjugated beads 
appeared to be stalled at the plasma membrane. Overall, cross-linking 
mAb 125.2-reactive LITRs mediated phagocytosis, while cross-linking 
LITRs with mAb CC41 resulted only in a capturing phenotype. 

3.3. Phagocytosis mediated by 125.2-reactive LITRs in 42TA 
macrophages is inhibited by CC41-reactive LITRs 

We next examined IpLITR-mediated phagocytosis by 42TA macro-
phages. This catfish cell line consistently stains with both mAb 125.2 
and mAb CC41. When 42TA macrophages were stained separately with 
mAb 125.2 or mAb CC41, the percent of positive cells in different 

cultures ranged from 77 % to 95 % and from 78 % to 99 %, respectively. 
In two-color flow cytometry, using Zenon-FITC labeled mAb 125.2 and 
APC-conjugated mAb CC41, 94.7 % of 42TA cells were positive for both 
mAbs (Fig. 5A). Notably, the ability of 42TA macrophages to associate 
with either 125.2- or CC41-conjugated 1.0 µm fluorescent beads is 
approximately the same (18.53 % vs. 16.03 %) as shown in the histo-
grams presented in Fig. 5B (left panels). However, there is a clear dif-
ference in the uptake of the 125.2- and CC41-conjugated beads. After 
one hour at 27℃, 21.76 % of the 42TA cells that had bound a single 
125.2-conjugated bead had completely internalized that bead and were 
negative for goat anti-mouse IgG-APC (Fig. 5B, right panel). In contrast, 
only 3.75 % of the 42TA cells associated with a single CC41-conjugated 
bead had engulfed their target. These results were reproducible and 
significant (Fig. 6A). Beads conjugated with the isotype control were not 
phagocytosed (Supplemental Fig. 2). Combined, the flow cytometry 
studies of IpLITR-mediated phagocytosis in G14D γδ T cells, 28S.3 αβ T 
cells, and 42TA macrophages provide evidence that mAb 125.2 recog-
nizes activating IpLITRs, while mAb CC41 preferentially binds to 
inhibitory LITRs. 

Fig. 5. LITR-reactive mAbs 125.2 and CC41 stain 42TA macrophages, only mAb 125.2-mediates efficient phagocytosis. 42TA is a monocyte/macrophage cell line 
that contains a few T cells. (A) Individual staining and double staining of 42TA with mAb 125.2 and CC41. (B) 42TA cells were incubated with CC41- or 125.2-con-
jugated beads at a cell-to-bead ratio of 1:5 for 1 h at 27 oC. Afterward, 42TA cells were stained with goat anti-mouse IgG1-APC for 15 min on ice, washed, and 
analyzed by flow cytometry. N = 5, p < 0.001. 
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To better understand this interplay between inhibitory and acti-
vating LITRs in the context of phagocytosis, we next examined the 
consequences of cross-linking with mAb CC41 as a pretreatment before 
adding 125.2-conjugated or CC41-conjugated fluorescent beads. Previ-
ously we had demonstrated that crosslinking CC41-reactive LITRs on 
cytotoxic cells reduced the killing of antigen-specific target cells (Taylor 
et al., 2016). Therefore, it was predicted that mAb CC41 cross-linking of 
inhibitory IpLITRs would reduce 125.2-mediated bead uptake. Briefly, 
42TA macrophages were incubated for one hour at room temperature 
with either 0.25 µg of mAb CC41 or 0.25 µg of the isotype control mAb 
1.14. The macrophages were then washed and assayed for the ability to 
engulf 125.2- or CC41-conjugated fluorescent beads (Fig. 6B). Impor-
tantly, pretreatment with mAb CC41 did not significantly affect the 
ability of 42TA macrophages to bind 125.2-conjugated beads, however 
it did impact the binding of CC41-conjugated beads. Notably, uptake of 
125.2-conjugated beads by mAb CC41-treated 42TA macrophages was 
significantly reduced (p < 0.0001) as compared to uptake by 42TA 
macrophages pre-treated with the isotype control, mAb 1.14 (Fig. 6C). 
This finding suggests that an inhibitory signal generated by mAb CC41 
was able to override the activating LITR signal mediated by mAb 125.2. 

In summary, we have identified an anti-LITR mAb 125.2 that binds to 
activating LITRs and used this antibody to demonstrate IpLITR-mediated 
phagocytosis in catfish γδ T cells and macrophages. Moreover, cross-
linking mAb CC41-reactive LITRs resulted in low-level uptake and in-
hibition of mAb 125.2-mediated phagocytosis. These findings are 
consistent with mAb CC41 binding to inhibitory LITRs. This is the first 
time LITR-mediated phagocytosis has been demonstrated in the catfish 
model. 

4. Discussion 

In this study, we took advantage of two of our anti-LITR mAbs and 
examined the effects of crosslinking their respective ligands on catfish 
leukocytes. Overall, the three key findings from this work demonstrate 
that 1) IpLITR-specific mAb 125.2 recognizes a distinct subset of acti-
vating LITR isoforms that lack phosphotyrosines in their CYTs and is 

expressed on G14D γδ T cells; 2) mAb 125.2-reactive LITRs mediate 
phagocytosis in catfish γδ T cells and macrophages, and 3) mAb CC41- 
reactive LITRs inhibit phagocytosis mediated by 125.2-reactive LITRs. 
Together, these results represent the first direct demonstration of LITR- 
mediated phagocytosis in catfish leukocytes and validate the findings of 
LITR-mediated regulation obtained in mammalian cell lines (Cortes 
et al., 2014; Lillico et al., 2015., 2018; Fei et al., 2020). Even so, it is 
important to note that LITRs may regulate additional cellular responses 
that may share components of their signaling pathways. For example, 
LITR signaling may mediate secretion of inflammatory cytokines, 
initiate the respiratory burst, and trigger cellular degranulation. It is also 
likely that LITRs in different cell types mediate different functions. 

Previously, we characterized two anti-LITR mAbs, CC34 and CC41, 
that recognize overlapping subsets of LITRs expressed on catfish leu-
kocytes. Notably, mAb CC41-reactive LITRs were considered a marker 
for catfish cytotoxic cells based on the findings that 1) CC41+ PBLs 
isolated from a CCV-immunized fish efficiently killed CCV-infected 
target cells, while CC41-negative PBLs did not kill the infected-targets, 
2) 90 % of CC41+ PBL isolated from a CCV-immunized fish expressed 
perforin in FlowRNA analysis, and 3) the CC41+ cell population 
increased after immunization with CCV-infected syngeneic cells. 
Furthermore, pretreatment of MLC-derived effector cells with mAb 
CC41 reduced the cytotoxic activity by 40 % (Taylor et al., 2016). 
Together these findings suggested that CC41-reactive LITRs, like other 
paired receptors i.e., LILRs and KIRs, have a direct role in target cell 
recognition and regulation of cytotoxic activity. We later determined 
that both mAbs CC34 and CC41 recognize epitopes within the D2-D3 
interdomain hinge region of IpLITR32.15 1.1a (Blackmon et al., 
2020). This LITR consists of seven extracellular Ig domains, a TM, and a 
125 amino acid long CYT with six tyrosine residues. The three 
membrane-proximal tyrosines are not a part of any classical regulatory 
motif, while the three membrane-distal tyrosines each form a part of an 
ITIM (VxYxxI) or an ITSM-like motif (TxYxxL). 

In this study, we identified a third LITR-specific mAb, 125.2, which 
immunoselects a range of proteins from 26 to 150 kDa expressed on 
catfish clonal G14D γδ T cells (Fig. 2A). Moreover, mAb 125.2 was 

Fig. 6. Pre-treatment of 42TA macrophages with mAb CC41 inhibits mAb 125.2-mediated phagocytosis. (A) 42TA macrophages were incubated with either mAb 
125.2-, CC41-, or 1.14-conjugated beads for 1 h at 27 ◦C 5 % CO2 at a cell-to-bead ratio of 1:5. Bead uptake was examined by flow cytometry. Only cells that had 
phagocytosed a single bead were counted (N = 3). Prior to statistical analysis, the data were normalized to 100,000 events to correct for variance in live cell counts 
between the samples. The uptake of 125.2-conjugated beads was significantly higher (p < 0.0001) compared to the uptake of CC41-conjugated beads. The difference 
in uptake between the isotype control 1.14-conjugated beads and CC41-conjugated beads was not significant. (B, C) 42TA macrophages were pretreated with either 
0.25 µg isotype control mAb 1.14 (open symbols ○, △) or 0.25 µg of mAb CC41 (solid symbols •, ▴) for 1 h at room temperature. The cells were then washed four 
times to remove antibodies, and uptake of 125.2- or CC41-conjugated fluorescent beads was examined after 1 h at 27 ◦C. (B) Pretreatment with mAb CC41 did not 
significantly affect the ability of 42TA macrophages to associate with 125.2-conjugated beads. (C) Pretreatment with mAb CC41 significantly (p < 0.0001) reduced 
the bead uptake compared to pre-treatment with the mAb 1.14 isotype control. 
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specific for activating LITRs since these 125.2 reactive LITR proteins 
were not tyrosine phosphorylated after pervanadate treatment. Two of 
the immunoprecipitated protein bands, 120 kDa and 140 kDa, were 
verified by nanoLC-MS/MS to contain LITR peptides. Specifically, the 
120 kDa protein yielded overlapping peptides that matched sequences 
from the eight extracellular Ig domains of LITR 2.2.5 (Fig. 2B). This 
activating LITR was expressed in PBL from a gynogenetic fish of the 
same lineage as the G14D γδ T cell line. That only ten of the peptides 
derived from the 120 kDa protein band were identical to the peptides 
obtained from TS32.15 CTLs using CC41 also supports that mAb 125.2 
reacts with a different LITR subset. 

Since LITRs comprise such a large family of receptors with unknown 
ligands, most functional studies have focused on intracellular signaling 
events mediated by activating IpLITR2.6b and inhibitory IpLITR1.1b. 
The signaling potentials of these prototypic LITRs have been well 
characterized in mammalian fibroblasts and myeloid cells by using 
epitope-tagged proteins, co-immunoprecipitation, and microscopy 
(Montgomery et al., 2012; Cortes et al., 2014; Zwozdesky et al., 2017; 
Lillico et al., 2015, 2018). One of the most striking findings from these 
imaging studies was the IpLITR1.1b-mediated stalled phagocytic 
phenotype observed in the transfected rat basophils (RBL-2H3). Inter-
estingly, the inhibitory IpLITR1.1b transfected basophils constitutively 
generated filopodia and sampled their environment without any stim-
ulation. Moreover, live cell imaging revealed actin-rich membrane 
protrusions that captured the antibody-conjugated beads in phagocytic 
cup-like structures that stalled at the cell membrane (Lillico et al., 2018). 
In contrast, transfection with the activating IpLITR2.6b/IpFcRγ-L 
construct resulted in effective phagocytosis of antibody-conjugated 
beads, however filopodia bead captures were not observed. That the 
inhibitory receptor LITR1.1b regulated F-actin dynamics was unex-
pected and led the authors to the idea that the IpLITR1.1b CYT is 
constitutively phosphorylated and pre-associated with intracellular 
components of the cytoskeletal machinery (Lillico et al., 2018). Support 
for this idea came from the finding that adaptor protein, non-catalytic 
region of tyrosine kinase (Nck) constitutively co-localized with 
IpLITR1.1b within the filopodia of the transfected basophils (Lillico 
et al., 2020). Similarly, in our study, G14D γδ T cells readily phagocy-
tosed their targets after activating LITRs were crosslinked with mAb 
125.2-conjugated beads. In contrast, after crosslinking inhibitory LITRs, 
more than 95 % of the CC41-conjugated beads remained on the cell 
surface of 28S.3 αβ T cells (Fig. 3). This discrepancy in phagocytic 
phenotypes was also confirmed by confocal microscopy, where complete 
internalization of 125.2 beads and stalled phagocytosis of 
CC41-conjugated beads could clearly be distinguished (Fig. 4). This 
capturing of CC41-conjugated beads is reminiscent of the phagocytic 
cup-like structures observed by electron microscopy with LITR1.1b in 
RBL-2H3 basophils (Lillico et al., 2018). Since IpLITR32.15 1.1a, the 
target of mAb CC41, and IpLITR1.1b, the prototypic LITR used in 
RBL-2H3 cells, have very similar CYTs that only differ by three amino 
acids, these phenotypic similarities were expected. 

Notably, the uniform co-expression of 125.2- and CC41-reactive 
LITRs in catfish 42TA macrophages allowed us to examine the inhibi-
tory function of CC41-reactive LITRs in LITR-mediated phagocytosis. As 
shown in Fig. 5, anti-LITR mAbs 125.2 and CC41 mediate the same 
phagocytic phenotypes in 42TA as in the catfish T cell lines. As expected, 
mAb 125.2-conjugated beads were internalized, while CC41 promoted a 
capturing phenotype. However, when 42TA macrophages were pre- 
incubated with mAb CC41, phagocytosis of mAb125.2-conjugated 
beads was reduced by 75 % as compared to pretreatment with the 
control mAb 1.14 (p < 0.0001; see Fig. 6C). In 2020, Fei et al. examined 
the crosstalk of activating and inhibitory LITRs in phagocytosis inhibi-
tion by co-expressing epitope-tagged IpLITR2.6b/IpFcRγ-L and 
IpLITR1.1b in AD293 cells. By using a combination of site-directed 
mutagenesis and IpLITR crosslinking, it was demonstrated that sus-
tained inhibition required the combined recruitment of the inhibitory 
kinase, Csk, and the phosphatase, SHP-2, to specific tyrosines within the 

IpLITR1.1b CYT. Based on their findings, the authors proposed that 
signaling through activating LITRs is required to initiate the subsequent 
inhibitory pathway, i.e., the inhibitory receptors must first be “acti-
vated” by Src family kinases to recruit inhibitory kinases and phospha-
tases (Csk and SHP-2; Fei et al., 2020). Here in this study, it is interesting 
that crosslinking inhibitory CC41-reactive LITRs as a pretreatment 
resulted in significant phagocytosis inhibition even though activating 
LITRs were not previously crosslinked. It may be that inhibitory LITRs 
like IpLITR32.151.1a and IpLITR1.1b are basally phosphorylated in 
catfish cells. Alternatively, mAb CC41 may bind to both activating and 
inhibitory LITRs, albeit with different affinities. If true, this would allow 
for the co-crosslinking of activating and inhibitory LITRs, which would 
facilitate crosstalk between these receptors. In the study by Taylor et al. 
(2016), pretreatment of MLC effector cells with mAb CC41 led to a 40 % 
reduction in the cytotoxic activity against virus-infected target cells. At 
the time, it was proposed that the inhibition could be due to mAb CC41 
sterically hindering the interaction between the effector cells and the 
target cells; it was also considered that mAb CC41 might bind to 
inhibitory receptors and reduce target cell killing. However, at the time, 
these alternatives could not be discerned using cytotoxic assays. In the 
42TA phagocytosis assay, we could determine that the binding of mAb 
125.2-conjugated beads was unaffected by the mAb CC41 pretreatment 
and that inhibition likely was due to intracellular signaling events. 

Although not the focus of this current study, we confirmed that 
catfish clonal G14D γδ T cells are phagocytic and that phagocytosis can 
involve IpLITRs. Interestingly, human peripheral blood γδ T cells are 
phagocytic and function as professional antigen-presenting cells 
(Brandes et al., 2005, 2009). For example, in one study, γδ T cells 
phagocytosed opsonized particulate antigens via the FcR, CD16, and 
processed and presented these antigens on MHC class II to naïve CD4 T 
cells (Wu et al., 2009). To our knowledge, phagocytosis by teleost γδ T 
cells has only been reported in zebrafish. These γδ T cells can phago-
cytose particulate and soluble antigens and present peptides to CD4 T 
cells. Moreover, the depletion of the γδ T cell population in zebrafish 
significantly reduced antigen-specific IgM and IgZ titers (Wan et al., 
2017). Since catfish G14D γδ T cells and 28S.3 αβ T cells, in contrast to 
catfish clonal NK cells, uniformly express high levels of MHC class II 
(Moulana et al., 2008), it seems likely that activated catfish γδ T cells, in 
addition to γδ T cells, are also capable of phagocytosis. However, the low 
expression levels of mAb 125.2-reactive LITRs in our γδ T cell lines 
precluded examining LITR-mediated phagocytosis in these cells. Also, 
because none of our clonal B cell lines were reactive with mAb 125.2, 
which is specific for activating LITRs, LITR-mediated phagocytosis by B 
cells could not be examined. However, it is interesting that our two 
catfish B cell lines differentially stain with mAbs that recognize inhibi-
tory LITRs, including LITR32.151.1a. The 3B11 B cells stain brightly 
with mAb CC41 and do not stain with mAb CC34, while 1G8 B cells only 
stain with mAb CC34 (data not shown). These findings raise the question 
of whether IpLITRs can regulate B cell receptor signaling. In humans, the 
inhibitory FcγRIIb (CD32B) and FcRL3–5 are expressed in sub-
populations of B cells, and these receptors are known to modulate B cell 
activation (Karnell et al., 2014; Tolnay, 2022). Like traditional FcRs, 
human FCRL3, FCRL4, and FCRL5 bind secretory-IgA, dimeric IgA, and 
IgG, respectively. It is proposed that these FCRLs distinguish the mucosal 
and systemic origin of immune complexes and help regulate memory B 
cell responses at mucosal sites (Tolnay, 2022). The syntenic and 
phylogenetic relationships of LITRs with FCRLs also suggest that they 
may have similar functions. Notably, IpLITR2.6b, IpLITR1.1b, and 
IpLITR32.151.1a do not bind to catfish IgM (data not shown); even so, 
we cannot rule out that other LITRs in this large receptor family may 
bind immunoglobulins. While our goal is to identify ligands for acti-
vating and inhibitory LITRs, determining the ligands for individual 
paired receptors in any species is challenging. Most mammalian paired 
receptors bind several host- and pathogen-derived molecules (Barclay 
and Hatherley, 2008; Burshtyn and Morcos, 2016; Barrow et al., 2019; 
Levi-Schaffer and Mandelboim, 2018). For example, LILRs interact with 
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diverse types of ligands, including classical and nonclassical MHC 
molecules. In addition, LILRs are also known to bind intact pathogens, 
including Staphylococcus aureus, Escherichia coli, and Helicobacter pylori 
(Burshtyn and Morcos, 2016). 

Overall, our studies have demonstrated that LITRs are involved in 
regulating phagocytosis, as well as cytotoxic responses in channel cat-
fish. The availability of long-term catfish cell lines that express high 
levels of distinct LITR subsets made it possible to examine the inde-
pendent effects of crosslinking CC41-reactive inhibitory LITRs and 
125.2-reactive activating LITRs. As such, our current findings comple-
ment LITR signaling studies performed in mammalian cell lines and set 
the stage for exploring the consequences of LITR-mediated phagocytosis 
in catfish leukocytes. Building on this work, we believe it will be possible 
to examine the intracellular and biochemical consequences of receptor 
crosslinking in different types of leukocytes in catfish. 
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