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This study aimed to describe the morphology and to characterize the immunohistochemistry of the gut-
associated lymphoid tissue (GALT) in the spiral intestine of the Blackmouth catshark Galeus melastomus. In the
catshark, the lympho-myeloid aggregate of the GALT was mainly confined to the central region of the spiral
valve. A panel of eight immune molecular markers was applied to histological sections to show the cell types of
the GALT using immunohistochemical and -fluorescence methods. Two main reactive cell types were identified:
(i) a mast cell lineage positive to histamine, serotonin, and immunoglobulin E-like receptor antibodies, and (ii) a
macrophage lineage positive to CD4, interleukin-6, lysozyme, toll-like receptor-2, and tumor necrosis factor-a
antibodies. Confocal microscopy revealed which immune markers were co-localized in the same cell type. The
presence of cells positive to the tested antibodies confirmed the defensive role against pathogens of the GALT in
the spiral intestine of the catshark. Given the limited knowledge of the elasmobranch immune system, the current

study provides new insights into the features of ancient defender cells of the spiral intestine.

Introduction

Cartilaginous fish are the first vertebrates with true lymphoid organs
(Zapata et al., 1996), among which elasmobranchs are the most primi-
tive group containing immunoglobulin (Mitchell & Criscitiello, 2020).
Sharks and rays lack bone marrow, so the spleen and the head kidney are
the main sites of erythrocyte production, and the thymus is responsible
for T cell proliferation. Meanwhile, Leydig’s organ, located in the
esophagus, and the epigonal organ, located on the outer region of the
gonads, are the sites of granulocyte formation and B cell maturation
(Mitchell & Criscitiello, 2020; Zapata et al., 1996).

In all fish, a secondary immune tissue is associated with the skin,
gills, and gut. In the former, this tissue is located in the intestinal wall,
precisely in the lamina propria, and is called gut-associated lymphoid
tissue (GALT) (Mitchell & Criscitiello, 2020; Zapata et al., 1996). In
elasmobranchs, the GALT is mainly located in the spiral intestine, a
peculiar intestinal region with an internal helicoidal fold that increases
the surface area for better nutrient uptake (Bosi et al., 2022; Mitchell &
Criscitiello, 2020). The GALT in the spiral intestine is considered a
primitive structure and ancestor of Peyer’s patches in mammals
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(Mitchell & Criscitiello, 2020; Zapata & Amemiya, 2000). Notwith-
standing, the immune cell aggregates of GALT are not a true lymphoid
organ because they lack a connective capsule like Peyer’s patches
(Mitchell & Criscitiello, 2020; Zapata & Amemiya, 2000). The GALT
consists of a large accumulation of cells in the lamina propria as well as
individual cells scattered in the lamina propria and the epithelium (Hart
et al., 1987). Compared with the plethora of studies on the GALT of
teleosts, studies on the GALT of elasmobranchs are scarce and primarily
focused on the morphological aspects (Smith et al., 2019). In the second
half of the last century, several studies have been conducted on the ul-
trastructure of the leukocytes in the blood and the spiral intestine of
some species of sharks and dogfish (Hart et al., 1987; Zapata et al.,
1996). Based on ultrastructural features, Hart et al. (1987) identified
five cell types in the spiral intestine of Scyliorhinus canicula, the small-
spotted catfish: lymphocytes, plasma cells, and three types of gran-
ulocytes. Due to the high variability in the immune cells present in the
spiral intestine of elasmobranchs, the morphological characteristics are
still not well-known (Mitchell & Criscitiello, 2020).

There are different leukocyte classifications in elasmobranchs due to
a lack of univocal criteria (Carmezim & Marcos, 2020; Hine & Wain,
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1987). There are few immunohistochemical studies differentiating the
immune cells of shark and ray intestines (Anandhakumar et al., 2012;
Lauriano et al., 2019; Sayyaf Dezfuli et al., 2018a). Galeus melastomus,
the Blackmouth catshark, is a deep-sea species widespread in the Med-
iterranean Sea (Farrag, 2016). This study aimed to carry out the
morphological characterization of the GALT cell types in the spiral in-
testine of G. melastomus using immunohistochemistry assays. A panel of
eight antibodies against immune molecular markers already used in
teleosts (Bosi et al., 2015; Da’as et al., 2011; Mulero et al., 2007; Sayyaf
Dezfuli et al., 2018b, 2023a) and elasmobranchs (Sayyaf Dezfuli et al.,
2018b, 2019) was chosen. Double-immunofluorescence reactions with a
confocal microscope provided additional information on the co-
localization of the used antibodies in the immune cells of the catshark
spiral intestine.

Materials and methods
Animals

Fourteen specimens of the G. melastomus (five males and nine fe-
males) were provided on two occasions (January and April 2023) via
commercial trawl fishing during a haul at a 500-800 m depth in the Gulf
of Asinara (Sardinia, western Mediterranean Sea). Fish ranging from 165
to 274 g in wet weight (mean total length + standard deviation: 42.6 +
5.1 cm) were eviscerated, and the entire digestive tube of each was
promptly fixed in 10 % neutral-buffered formalin while still on board.
After landing, the samples were transported to the Department of Vet-
erinary Medicine of the University of Sassari and processed within 24 h
post-fixation. The spiral intestine of each specimen was sliced into small
pieces, rinsed several times with chilled 70 % ethanol, and sent to the
University of Ferrara for the embedding process in paraffin wax.

Histology and histochemistry

The fixed tissues were dehydrated via an alcohol series and then
paraffin-wax-embedded using a Shandon Citadel 2000 Tissue Processor
(Shandon, UK). Transverse serial sections of 5 um thick were obtained,
and slides were stained with hematoxylin and eosin (H&E), Giemsa, and
Sirius Red and photographed using a Nikon Microscope ECLIPSE 80i
(Nikon, Tokyo, Japan).

Immunohistochemistry

Several sections were sent to the University of Milan for the immu-
nohistochemical (IHC) tests. Eight antibodies routinely used for the
identification of innate immune cells in teleosts were applied to sections
of the spiral intestine (Supplementary Table S1). Sections were re-
hydrated and rinsed in Tris-buffered saline at pH 7.6 (TBS: 0.05 M
Tris-HCl; 0.15 M NaCl). The immunohistochemical protocol was the
same as that reported in (Sayyaf Dezfuli et al., 2018a). The antigen
retrieval procedure, consisting of heating sections for 2 x 5 min in a
microwave at 500 W in a 0.01 M citrate buffer (pH 6.0), was performed
for the rabbit polyclonal anti-cluster of differentiation 4 (CD4) and the
rabbit polyclonal anti-tumor necrosis factor-a (TNF-a) antibodies
(Supplementary Table S1). Controls were performed via (1) incubation
with phosphate-buffered saline (PBS; pH 7.4) instead of the primary
antibody; (2) treatment with PBS instead of the secondary antibody; and
(3) the pre-adsorption of each antibody with its corresponding blocking
molecules (Webster et al., 2021) (Supplementary Table S2). Sections of
mammal tissues were used as positive controls and gave the expected
results. Images of the IHC tests were obtained using a B-1000FL-HBO
microscope (Optika, Bergamo, Italy) equipped with a digital camera (C-
P20CC, 20 Mp, Optika) and image analysis software (Proview v.x64,
Optika).
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Double immunofluorescence

In the double-immunofluorescence protocols, primary antibody
couples obtained from different host species (rabbit vs. mouse) were
used to avoid cross-reaction due to immunoglobulin produced from the
same host (rabbit vs. rabbit or mouse vs. mouse; see Table 1). Sections of
the spiral intestine were dewaxed, re-hydrated, and rinsed in TBS with
0.05 % Triton-X100 (TBS-T) and then treated with 1:20 normal goat
serum in TBS for 60 min in a humid chamber to inhibit non-specific
reactions due to the secondary antibodies. The sections were incu-
bated with the first primary antibody, generally, a rabbit polyclonal
antibody (Supplementary Table S1), diluted in TBS for 24 h at room
temperature (RT). The slides were then washed in TBS-T before the
treatment with the avidin-biotin blocking solutions, as indicated in the
manufacturer’s guidelines (code SP-2001, Vector Lab., Burlingame, CA,
USA). Thereafter, the sections were rinsed in TBS-T and incubated with
10 mg/mL of goat biotinylated anti-rabbit IgG (code BA-1000, Vector
Lab.) in TBS for 3 h at RT. After a 2 x 5 min washing step in TBS-T, the
sections were treated with 10 mg/mL of fluorescein-avidin D (code A-
2001, Vector Lab.) in 0.1 M of NaHCOj3 (pH 8.5) with 0.15 M of NaCl for
3 h at RT. Afterward, the slides were incubated with the second primary
antibody, generally, a mouse monoclonal antibody (Supplementary
Table S1), diluted in TBS for 24 h at RT. The sections were rinsed twice
for 5 min in TBS-T and then treated with 10 mg/mL of goat biotinylated
anti-mouse IgG (code BA-9200, Vector Lab.) in TBS for 3 h at RT. After
treatment, the slides were rinsed in TBS-T and then incubated with 10
mg/mL of rhodamine-avidin D (code A-2002, Vector Lab.) in 0.1 M of
NaHCOs (pH 8.5) with 0.15 M of NaCl for 3 h at RT. The stained tissue
sections were then mounted with the Vectashield® mounting medium
with DAPI (code H-1002, Vector Lab.) and examined with an Olympus
FV300 laser scanning confocal microscope (Olympus, Milan, Italy). All
sections were excited using multi-argon/helio-neon green/UV lasers
with excitation and barrier filters set for fluorescein, rhodamine, and
DAPI. Green and red fluorescent signals from each antibody couple were
obtained via alternate excitation (0.2 s’l) at 488 nm and 540 nm,
respectively, to avoid the cross-contamination of the two signals.

Evaluation of the co-localization of fluorescent signals

Four microscopic fields from three slides/specimens were selected
for image acquisition in the double-immunofluorescence reactions. A 2
um z-stack interval (18-21 optical sections) was set to obtain an image
from each antibody couple, i.e., 12 images for channel N° 1 (detecting
fluorescein) plus 12 images for channel N° 2 (detecting rhodamine) (4
microscopic fields x 3 slide/specimens). The image couples were
opened in ImageJ 1.54f software and elaborated with the plugin JaCoP
(Just Another Colocalization Plugin v.2.1.4, Bolte & Cordelieres, 2006)
to obtain Pearson’s coefficient with Costes’s automatic threshold. After
discarding the lower and higher coefficient values from each double-
immunofluorescence reaction, 10 Pearson’s coefficient values were
used to calculate the means + standard error. The two antibody signals
of a couple were considered co-localized with a mean Pearson’s coeffi-
cient value of >0.500.

Results

The spiral intestine of the Blackmouth catshark is the longest intes-
tinal region, placed between two short tracts, namely, the proximal and
distal intestine. In the histological transversal section, the spiral intes-
tine appeared as an internal spiral ring of epithelium with a connective
axis forming epithelial folds, a lamina propria, and a thin smooth muscle
layer whose thickness increased in the central region due to the high
number of lympho-myeloid cells (Fig. 1a). The central region of the
spiral intestine showed a connective framework of collagen fibers
around smooth muscle cells and blood vessels (Fig. 1b). The Giemsa
staining identified different cell types in the lympho-myeloid central
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Table 1

Co-localization values for the double-immunofluorescence tests reported as means =+ standard error of ten calculated measures of Costes’s automatic threshold and
Pearson’s coefficient. The values were obtained from twenty confocal microscope-acquired z-stack images (ten from the green channel and ten from the red channel)
for each antibody couple (see the text for an explanation). Only antibody couples obtained from different host species (MM-PR) were used. The bold values indicate the
co-localization of the antibody couples.

Antibody anti- Lysozyme TLR-2 Histamine Serotonin FCeRIy CD4 1L-6
(MM) (PR) (PR) (PR) (MM) (PR) (MM)
Lysozyme (MM)
TLR2 (PR) 0.737 + 0.027
Histamine (PR) 0.139 £ 0.040 —
Serotonin (PR) 0.277 + 0.047 — —
FCeRIy (MM) — 0.081 + 0.019 0.602 + 0.017 0.876 + 0.035
CD4 (PR) 0.623 + 0.032 — — — 0.154 £ 0.033
IL-6 (MM) — 0.580 + 0.032 0.155 + 0.024 0.210 + 0.021 — 0.150 + 0.046
TNF-a (PR) 0.826 + 0.042 — — — 0.168 + 0.035 — 0.550 + 0.061

(MM): monoclonal mouse antibody; (PR): polyclonal rabbit antibody; CD4: cluster of differentiation 4; FCeRIy: immunoglobulin E-like receptor; IL-6: interleukin-6;
TLR2: toll-like receptor2; TNF-a: tumor necrosis factor-o.

X2

Fig. 1. Histology of the spiral intestine of Galeus melastomus. (a) Transverse section of the central spiral intestine. The mucosa rises in intestinal folds (arrows) with
epithelium supported by a connective axis; the smooth muscle layer (stars) and a large lympho-myeloid cell aggregate (asterisks) thicken the spiral center. He-
matoxylin and eosin—scale bar: 500 pm. (b) A dense collagen fiber network (arrows) supports the smooth muscle layer (stars) and the epithelium (ep) in the central
spiral region, where blood vessels (v) are observed; asterisks indicate the lympho-myeloid cell aggregate. Sirius Red—scale bar: 200 pm. (c) The lympho-myeloid
aggregate includes several immune cells, namely, eosinophilic cells (arrows), basophilic cells (arrowheads), and neutrophils (curved arrows). Stars and yellow ar-
rows indicate the smooth muscle layer and mucous cells, respectively. ep: epithelium. Giemsa—scale bar: 50 pm. (d) High magnification of the lympho-myeloid cell
aggregate with eosinophilic cells (arrows), basophilic cells (arrowheads), and neutrophils (curved arrows). Unstained cells (red arrows) with coarse cytoplasmic
granulation, lymphocytes (thin arrows), and thrombocytes (ellipse) can also be observed. Giemsa—scale bar: 20 pm.

aggregate, namely, neutrophils, and basophilic and eosinophilic cells lympho-myeloid aggregate, the lamina propria, and the thickness of the

(Fig. 1c and d). Lymphocytes, thrombocytes, and unstained granulocytes epithelium (Fig. 3a and b). Several cells were immunoreactive with the

with coarse cytoplasmic granules were noticed at a higher magnification anti-serotonin antibody in the lympho-myeloid aggregate and near the

(Fig. 1d). blood vessels (Fig. 3c and d). The anti-immunoglobulin E-like receptor
In the lympho-myeloid aggregate of the spiral intestine, the anti-Toll- (FCeRly) antibody revealed large cells of the lympho-myeloid aggregate

like receptor 2 (TLR2) antibody revealed two cell types, one bigger than (Fig. 3e). Intraepithelial cells that were immunoreactive with this anti-

the other (Fig. 2a). Moreover, intraepithelial cells positive to the anti- body were also observed (Fig. 3f).

TLR2 antibody were documented (Fig. 2b). Immunoreactive cells with A high number of cells were immuno-positive to the anti-CD4

the anti-lysozyme antibody were located in the lympho-myeloid central (Fig. 4a and b), -interleukin-6 (IL-6; Fig. 4c), and -TNF-a (Fig. 4d) an-
aggregate (Fig. 2c), often near the blood vessels (Fig. 2d) and the intra- tibodies in the lympho-myeloid aggregate of the spiral intestine. Cells
epithelial site (Fig. 2d). The same was observed for the anti-histamine positive to the anti-TNF-a antibody were seen in the epithelium near the
antibody, where immuno-positive cells were encountered in the basal membrane (Fig. 4e); this antibody was the only one that detected
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Fig. 2. Immunohistochemistry of the spiral intestine of Galeus melastomus. (a) In the lympho-myeloid aggregate, several cells (arrows) are immunoreactive with the
anti-Toll-like receptor 2 (TLR2) antibody, among which large positive cells (arrowheads) are observed. Scale bar: 50 pm. (b) In the epithelium of the spiral intestine,
anti-TLR2 immunoreactive cells (arrows) are detected; arrowheads indicate mucous cells. Scale bar: 20 ym. (c) Many cells (arrows) of the lympho-myeloid aggregate
are immuno-positive to the anti-lysozyme antibody. Scale bar: 50 pm. (d) The high magnification shows anti-lysozyme immunoreactive cells (arrows) near a blood
vessel (asterisk). Scale bar: 20 pm. (e). An intraepithelial cell (arrow) immunoreactive with the anti-lysozyme antibody on the basal membrane; arrowheads indicate
mucous cells. Scale bar: 20 pm.

epithelial granular cells of the catshark spiral intestine (Fig. 4e; for immunohistochemical procedures for all eight antibodies gave the ex-
comparison, see the unstained epithelial granular cells in Fig. 3f). The pected results, as documented in Supplementary Fig. S1.

granulocytes with coarse cytoplasmic granules were not reactive with The JaCoP software (Bolte & Cordelieres, 2006) elaboration of the
the eight used antibodies (Figs. 3e and 4b). Negative controls for the double-immunofluorescence images showed cell co-localization for the
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Fig. 3. Immunohistochemistry of the spiral intestine of Galeus melastomus. (a) The lympho-myeloid aggregate just below the epithelium (ep) presents several cells
(arrows) immunoreactive with the anti-histamine antibody. The asterisks and arrowheads indicate a blood vessel and mucous cells, respectively. Scale bar: 50 pm. (b)
The high magnification shows anti-histamine immuno-positive cells within the epithelium (curved arrows) and in the underlying connective tissue (arrows). Mucous
cells are indicated by arrowheads. Scale bar: 20 pm. (c) A large number of cells (arrows) immunoreactive with the anti-serotonin antibody is observed in the lympho-
myeloid aggregate. Scale bar: 100 pm. (d) The high magnification shows anti-serotonin immunoreactive cells (arrows) near a blood vessel (asterisk). Scale bar: 50
pm. (e) Large-size cells (arrows) are detected by the anti-immunoglobulin E-like receptor (FCeRlIy) antibody in the lympho-myeloid aggregate. Note the unstained
cells (curved arrows) with coarse cytoplasmic granules. Scale bar: 20 pm. (f). In the intestinal epithelium, anti-FCeRIy immunoreactive cells (arrows) are observed
near the basal membrane. The curved arrows and the arrowhead show two unstained epithelial granular cells and a mucous cell, respectively. Scale bar: 20 pm.

anti-lysozyme antibody with the anti-TLR2, -CD4, and -TNF-a antibodies
(Fig. 5a—c and Table 1). Moreover, lympho-myeloid cells co-localized
the anti-IL-6 antibody with the anti-TLR2 and -TNF-a antibodies
(Table 1). The anti-FCeRIy antibody showed cell co-localization with the
anti-histamine and -serotonin antibodies (Fig. 5d and e, Table 1,
respectively). Three examples of non-co-localization of the immune
markers are reported in Fig. 6, namely, the anti-histamine and -lysozyme
and anti-FCeRly antibodies with the anti-TNF-a and -TLR2 antibodies
(Fig. 6a—c and Table 1, respectively).
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Discussion

The elasmobranchs are the most primitive vertebrates to exhibit an
immune response and have true lymphoid organs, such as the thymus,
spleen, and GALT (Zapata et al., 1996). The GALT consists of individual
immune cells in the epithelium and lamina propria, as well as leukocyte
accumulation in the lamina propria (Hart et al., 1987; Lauriano et al.,
2019). In the spiral intestine of G. melastomus, the GALT was primarily
composed of a non-encapsulated central aggregate of lympho-myeloid
cells. In mammals, the GALT is a secondary immune tissue mainly
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Fig. 4. Immunohistochemistry of the spiral intestine of Galeus melastomus. (a) In the lympho-myeloid aggregate, several cells (arrows) just below the epithelium (ep)
and cells (curved arrows) in the thickness of the epithelium are immunoreactive with the anti-CD4 antibody. Asterisks indicate blood vessels. Scale bar: 50 pm. (b)
The high magnification shows the anti-CD4 immuno-positive cells (arrows) in the lympho-myeloid aggregate; note the unstained cell (curved arrow) with coarse
cytoplasmic granules. Scale bar: 20 pm. (c). Cells (arrows) immunoreactive with the anti-interleukin-6 (IL-6) antibody are observed in the lympho-myeloid aggregate.
Scale bar: 20 pm. (d) The image shows diverse cells (arrows) immunoreactive with the anti-tumor necrosis factor-a (TNF-a) antibody in the lympho-myeloid
aggregate near a blood vessel (asterisk). m: smooth muscle layer. Scale bar: 50 pm. (e) Many cells (arrows) close to the basal membrane of the epithelium are
immunoreactive with the anti-TNF-a antibody. The curved arrow and the arrowhead show an anti-TNF-o immunoreactive granular epithelial cell and a mucous cell,

respectively. Scale bar: 20 pm.

serving the intestinal mucosa and is composed of encapsulated lymphoid
aggregates called Peyer’s patches (Mitchell & Criscitiello, 2020). Elas-
mobranchs lack Peyer’s patches, but they have non-encapsulated
lymphoid aggregates in the spiral intestine (Mitchell & Criscitiello,
2020; Smith et al., 2019). Although the GALT in the spiral intestine is
not considered a true lymphoid organ, it was proposed as a primitive
ancestor of Peyer’s patches (Boehm et al., 2012).

Insight into the morphology of the spiral intestine in G. melastomus
was presented in Bosi et al. (2022), and the current study provides
further details. The spiral intestine has many similarities to that of other
cartilaginous fish described in (Chatchavalvanich et al., 2006; Lauriano
et al., 2019; Sayyaf Dezfuli et al., 2018a, 2019). The spiral intestine of
the Blackmouth catshark showed an internal fold consisting of the
epithelium, lamina propria, and lamina muscularis wrapped in a spiral
with a thickened central region containing the GALT. The central region
of the spiral intestine contains a high concentration of leukocytes
(Zapata et al., 1996).

Several accounts dealt with the histological and ultrastructural as-
pects of the GALT cells of elasmobranchs showing the presence of
lymphocytes, plasma cells, macrophages, and granulocytes with
different cytoplasmic granules (Hart et al., 1987; Zapata et al., 1996). In
most elasmobranchs, granulocytes are classified into three types based
on the cell ultrastructure and staining properties of their cytoplasmic
granules: (a) the most common heterophils or fine eosinophilic gran-
ulocytes, named G1 granulocytes; (b) G2 granulocytes similar to
mammalian neutrophils; and (c) G3 coarse eosinophilic granulocytes
(Smith et al., 2019). Herein, the following cells were recognized in the
GALT of G. melastomus via Giemsa staining: Gl granulocytes, G2
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granulocytes, unstained G3 granulocytes, basophils, lymphocytes, and
thrombocytes. Basophils were reported in the blood of Neoceratodus
forsteri, the Australian lungfish, and in many other shark species (Hine,
1992). Basophils are rare in the elasmobranchs and are classified as non-
eosinophilic granulocytes (Carmezim & Marcos, 2020). Basophils were
observed in the epigonal and Leydig’s organs of Rhizoprionodon lalandii,
the Brazilian sharpnose shark. It was suggested that basophils are the
immature stage of G1 granulocytes (Pacheco et al., 2002); likewise,
basophils in the GALT of G. melastomus can be considered as immature
cells of the granulocytes lineage.

The exact immune cell identification in elasmobranchs remains open
to conjecture because of species-specific patterns and different tinctorial
properties due to the histological staining and the presence of immature
cells in the peripheral blood (Carmezim & Marcos, 2020; Hine & Wain,
1987). Enzyme cytochemistry has been employed to distinguish and
differentiate between the peripheral granulocytes in several species of
elasmobranchs (see Hine & Wain, 1987). Hine and Wain were among the
first to distinguish between shark granulocytes (Hine & Wain, 1987) in
the blood of 13 species of sharks and 4 species of skates using enzyme
cytochemistry. However, the authors found similarities in the acidic
hydrolases of the blood granulocytes in these species, indicating the
general phagocytic function of different granulocyte types (Hine &
Wain, 1987). Lymphocytes and granulocytes in the spiral intestine of
N. forsteri were analyzed using flow cytometry assays on their viability,
phagocytotic activity, oxidative burst, and apoptosis (Hassanpour et al.,
2013). Recently, the GALT of sharks and rays was investigated with
immunohistochemical approaches (Lauriano et al., 2019; Sayyaf Dezfuli
et al., 2018a, 2019).
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Fig. 5. Double-immunofluorescence of the lympho-myeloid aggregate in the spiral intestine of Galeus melastomus. Each line shows the fluororeactive cells with the
FITC-bound antibody (first column) and the Rhodamine-bound antibody (second column) of a couple used in the double immunofluorescence procedure. The
antibody type is reported in each image. The third column of each line shows the merged image obtained via the superimposition of the first- and second-column
images; the mean values (+standard error) of Pearson’s coefficient with Costes’s automatic threshold are reported at the top right (see explanation in Materials and
Methods). Values of >0.500 show a positive co-localization of the two detected immune antibody markers. (a), (b), (c), (d), and (e)—scale bars: 20 pm. (b) In the
second-column image, the arrows indicate two immunofluororeactive cells with only the anti-CD4 antibody. (d) In the first- and second-column images, the arrows
show a cell fluororeactive only with the anti-FCeRIy antibody and only with the anti-histamine antibody, respectively. (e) In the first- and second-column images, the
arrows show a cell fluororeactive only with the anti-FCeRIy antibody and only with the anti-serotonin antibody, respectively.
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Fig. 6. Double-immunofluorescence of the lympho-myeloid aggregate in the spiral intestine of Galeus melastomus. Each line shows the fluororeactive cells for the
FITC-bound antibody (first column) and the Rhodamine-bound antibody (second column) of a couple used in the double-immunofluorescence procedure; the
antibody type is reported in each image. The third column of each line shows the merged image obtained via the superimposition of the first- and second-column
images; the mean values (+standard error) of Pearson’s coefficient with Costes’s automatic threshold are reported at the top right (see explanation in Materials and
Methods). Values of <0.500 show no co-localization of the two detected immune antibody markers. (a) In the first- and second-column images, the arrows show cells
fluororeactive only with the anti-histamine antibody and only with the anti-lysozyme antibody, respectively. (b) In the first- and second-column images, the arrows
show cells fluororeactive only with the anti-FCeRly antibody and only with the anti-TNF-a antibody, respectively. (c) In the first- and second-column images, the
arrows show cells fluororeactive only with the anti-FCeRIy antibody and only with the anti-TLR2 antibody, respectively. Scale bars: 20 pm.

Several cells immunopositive to the anti-histamine and -serotonin
antibodies were observed in the spiral intestine of the Blackmouth cat-
shark, often located near blood vessels or the basal membrane of the
epithelium. The above two biogenic amines are secreted and stored in
fish mast cells and are involved in the inflammatory process due to gut
infection by parasites (Sayyaf Dezfuli et al., 2018b, 2021, 2023a,
2023b). The first absolute record of the presence of histamine in the
mast cells of a fish, Sparus aurata, a member of the order Perciformes, the
most evolutionarily advanced teleosts, appeared in Mulero et al. (2007).
Evidence of mast cells containing histamine and serotonin in a Perci-
formes fish that harbored an enteric helminth was provided in Sayyaf
Dezfuli et al. (2018b). The authors stressed that histamine and serotonin
have been highly conserved as biogenic amines throughout the fish’s
evolution (El-Salhy et al., 1985; Reite, 1972, respectively). Herein, the
presence of these molecules was documented in the granulocytes in the
spiral intestine of G. melastomus; thus, our findings reinforce the concept
of histamine and serotonin being highly conserved during evolution.

In mammals, the chemical bond between the immunoglobulin E
(IgE)-like receptor (FCeRly) and the antigen-IgE complex on the plas-
malemma of mast cells induces the release of histamine and serotonin
(Kraft & Kinet, 2007). The FCeRIy-like receptor was observed in the mast
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cells of different fish species in (Da’as et al., 2011; Sayyaf Dezfuli,
2018b). In the GALT of G. melastomus, the anti-FCeRIy antibody was
noticed in big-size cells resembling immunoreactive cells with anti-
histamine and -serotonin. Moreover, anti-FCeRIy-positive cells were
observed in the intra-epithelial site. The presence of an FCeRIy-like re-
ceptor in the intestinal granulocytes of the catshark provides further
evidence of FCeRIy’s involvement in the amine release and activation of
the immune-specific response, as substantiated in Da’as et al. (2011) and
Sayyaf Dezfuli et al. (2018b).

Toll-like receptors (TLRs) belong to pattern recognition receptors
(PRRs) and reveal molecules of pathogenic origin (i.e., pathogen-
associated molecular patterns (PAMPs)) or molecules released by
damaged cells (i.e., damage-associated molecular patterns (DAMPs))
(Alesci & Lauriano et al., 2020; Sudhagar et al., 2020). Many types of
TLRs have been identified and sequenced in different vertebrate taxa,
with 28 TLR types existing only in fish (Dalmo & Bggwald, 2022).
Interestingly, their structures and genotypes are highly conserved in
vertebrates (Anandhakumar et al., 2012). Among the TLRs, TLR2 is
involved in the detection of lipopolysaccharides and peptidoglycan in
the innate immune response (Zhang et al., 2014). TLR2 leads to the
activation of macrophages via the production of cytokines and
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chemokines and the amplification of the immune response (Alesci &
Lauriano et al., 2020; Korenaga et al., 2013).

Data on the presence and expression level of the cytoplasmic
signaling domain for the TLR2 in a lip shark Chiloscyllium sp. were first
reported in Anandhakumar et al. (2012). Moreover, the authors docu-
mented the highest expression level for TLR2-TIR mRNA in the
following immune organs: the kidneys, spleen, epigonal organ, and
spiral intestine. TLR2 was mainly localized in macrophages and
lymphoid cells (Anandhakumar et al., 2012). A phylogenetic analysis
revealed over 75 % of nucleotide identity for TLR2 in lip sharks, teleosts,
and mammals (Anandhakumar et al., 2012). The anti-TLR2 antibody in
the GALT of G. melastomus was encountered in large cells, closely
resembling macrophages, and in dendritic cells, as previously noted in
the GALT of another shark S. canicula in Lauriano et al. (2019). Anti-
TLR2 marked the intraepithelial lymphocytes in the spiral intestine of
S. canicula (Lauriano et al., 2019), and a similar finding was observed in
G. melastomus in this study.

CD4 is a transmembrane peptide with four extracellular
immunoglobulin-like domains and a cytoplasmic tail responsible for
intracellular signaling (Smith et al., 2019). T helper cells, monocytes/
macrophages, and dendritic cells have CD4 (Schridde et al., 2017; Smith
et al., 2019). The chemical bond between CD4 and antigens formed via
major histocompatibility complex II (MHC II) stimulates the release of
cytokines by T helper cells (Alberts et al., 2002). Herein, several
immunoreactive cells with the anti-CD4 antibody were observed in the
lympho-myeloid aggregate of the Blackmouth catshark spiral intestine.
Based on their size and CD4 being identified as a molecular marker
expressed in most mature macrophages (Schridde et al., 2017; Shaw
et al., 2018), it would be reasonable to suppose these cells are macro-
phages. However, there is insufficient information on the biological
functions of CD4 in elasmobranchs, and more studies are needed, as
pointed out in (Smith et al., 2019).

One of the most studied components in the innate immune system of
fish is lysozyme (Smith et al., 2019), a lytic enzyme whose main
defensive activity is the disruption of the bacterial wall, resulting in the
lysis of the pathogen (Myrnes et al., 2013). Moreover, its selected effects
involve the activation of the complement system, opsonization, and
phagocytosis (Smith et al., 2019). Immunoreactivity against the anti-
lysozyme antibody was observed in GALT and intraepithelial cells in
the G. melastomus spiral intestine. The occurrence of lysozyme in the
lympho-myeloid tissue in four elasmobranch species and one marine
teleost was first reported in Lundblad et al. (1979).

Lysozyme was characterized and its ability to hydrolyze and inhibit
the growth of bacteria was demonstrated in a molecular investigation on
the nurse shark Ginglymostoma cirratum (Hinds Vaughan & Smith, 2013).
Anti-lysozyme immunoreactive elements were observed in “type I
granular cells” within the intestinal epithelium of the ray Raja clavata
(Sayyaf Dezfuli et al., 2018a). It is generally agreed that lysozyme is
involved in the first line of defense against pathogens, and its functions
are similar in cartilaginous and bony fish (Hinds Vaughan & Smith,
2013; Lundblad et al., 1979; Sayyaf Dezfuli et al., 2018a; Smith et al.,
2019).

The cytokine IL-6 is a pro-inflammatory peptide that is quickly and
transiently secreted against the presence of viruses and bacteria or after
the release of other signaling molecules (Sayyaf Dezfuli et al., 2018a;
Zou & Secombes, 2016). IL-6 was found in neutrophils and macrophages
of most fish species (Korenaga et al., 2013; Pérez-Cordon et al., 2014;
Sayyaf Dezfuli et al., 2018a; Zou & Secombes, 2016). Its release from
activated macrophages is induced by the chemical bond between TLR
and a PAMP molecule (Korenaga et al., 2013). Increased secretion of IL-
6 was reported in the intestine of S. aurata infected with the myxozoan
Enteromyxum leei (Pérez-Cordon et al., 2014). Furthermore, a high
number of immune cells expressed IL-6 in the intestine of the pike Esox
lucius infected with the acanthocephalan Acanthocephalus lucii (Sayyaf
Dezfuli et al., 2018b). In the GALT of G. melastomus, several immune
cells were immunoreactive with the anti-IL-6 antibody; similarly, the
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“type III intestinal granular cells” of the ray R. clavata also showed a
positive reaction with the same antibody (Sayyaf Dezfuli et al., 2018a).
IL-6 has a mediatory role between the innate and adaptive immune re-
sponses during inflammation (Naka et al., 2002; Sayyaf Dezfuli et al.,
2018a). The spiral intestine of elasmobranchs slows the transit of digesta
in favor of an increase in nutrient uptake (Bosi et al., 2022); however,
containing a large amount of food might increase the bacterial charge,
including harmful species. In all vertebrates, the alimentary canal rep-
resents one of the main entry points for pathogen invasion of the host
body; thus, the expression of IL-6 by the immune cells of the catshark
spiral intestine is reasonable.

In addition to the secretion of IL-6, the activation of macrophages in
fish produces TNF-a, a pro-inflammatory cytokine with a variety of
physiological functions (Pérez-Cordon et al., 2014; Smith et al., 2019).
TNF-a is secreted by cell types such as epithelial cells and mast cells
(Sayyaf Dezfuli et al., 2018a, 2018b). The secretion of TNF-a is related to
cell proliferation, the modulation of immune cells, and the regulation of
cytokine production (Seno et al., 2002). Immune cell aggregates, espe-
cially near blood vessels, as well as immunoreactive intraepithelial cells
with the anti-TNF-a antibody, were documented in the spiral intestine of
the Blackmouth catshark. The “type I granular cell” of R. clavata was
often located near the basal membrane and was immunoreactive with
the same antibody (Sayyaf Dezfuli et al., 2018a). We documented the
occurrence of anti-TNF-o immunoreactive granular cells at the epithelial
apex in the intestinal epithelium of G. melastomus (see Fig. 4e). The
granules of these cells were strongly eosinophilic and immunoreactive
with the anti-TNF-a antibody (Sayyaf Dezfuli et al., 2019). Similarly,
epithelial cells with eosinophilic granules were suggested to function
like mammalian Paneth cells in the spiral intestine of Polyodon spathula,
the American paddlefish (Petrie-Hanson & Peterman, 2005). Paneth
cells secrete defensive molecules such as lysozyme and TNF-a (Seno
et al., 2002). Although the granular epithelial cells in the Blackmouth
catshark were not immunoreactive with the anti-lysozyme antibody, it
was postulated that they might act as Paneth cells (Sayyaf Dezfuli et al.,
2019).

In this study, a confocal microscope detected the co-expression of
molecular immune markers in the cells of the G. melastomus GALT. We
used antibody-searching molecules for mast cells (i.e., histamine, sero-
tonin, and FCeRIg) and the monocyte/macrophage lineage (i.e., TLR2,
lysozyme, CD4, IL-6, and TNF-a) tested in several fish species by other
authors (Hine, 1992; Myrnes et al., 2013; Pacheco et al., 2002; Sayyaf
Dezfuli et al., 2023b).

Dendritic cells co-expressed TLR2/langerin and TLR2/MHC II in the
intestinal lamina propria of the small-spotted catfish (Alesci & Capillo
et al., 2022). Cells resembling macrophages co-expressed TLR2/lyso-
zyme and TLR2/IL-6 in the GALT of G. melastomus. Macrophages and
dendritic cells act as antigen-presenting cells (APCs), which are essential
to activate the immune response by T lymphocytes (Alesci & Capillo
et al., 2022). The APCs are able to recognize a wide variety of pathogens
molecules, the so-called “pathogen associated molecular patterns”
(Sudhagar et al., 2020) and bind these antigens to the Major Histo-
compatibility Complex proteins on their cell surface. Lymhocytes T are
activated after the recognition of this complex formed by APCs (Smith
et al., 2019).

Granulocytes related to the macrophage lineage co-express cytokines
(TNF-0/IL-6) and lysozyme with TNF-a and CD4. IL-6 and CD4 are also
expressed by activated T lymphocytes (Shaw et al., 2018; Zou &
Secombes, 2016). The co-presence of IL-6 with TNF-o and CD4 with
lysozyme indicates that the immunofluororeactive cells in the Black-
mouth catshark GALT were macrophages. In the lysozyme/CD4 double-
immunofluorescence test, some small-size immune cells appeared pos-
itive only for the anti-CD4 antibody (see Fig. 5b) and could be T lym-
phocytes. In the GALT of G. melastomus, histamine and FCeRIy, as well as
serotonin and FCeRly, were co-expressed in a granulocyte lineage and
are most likely mast cells.
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Conclusions

The GALT of G. melastomus contains a lympho-myeloid cell aggre-
gate, with dominating macrophages and two types of granulocytes, fine
cytoplasmic granulocytes, and neutrophils. The coarse cytoplasmic
granulocytes were scarce and unreactive with the different staining and
eight antibodies tested. The immunohistochemical and double immu-
nofluorescence protocols revealed the presence of a mast cell-like line-
age co-expressing histamine/FCeRIy and serotonin/FCeRIy. A
macrophage lineage with reactivity and co-presence for lysozyme, CD4,
TNF-a, TLR2, and IL-6 was noticed. We reported the co-expression re-
sults for this panel of markers in the GALT of an elasmobranch for the
first time. The occurrence of immune cells containing specific defensive
molecules confirms that the spiral intestine alimentary canal is a
vulnerable site for action of the pathogens that needs an efficient im-
mune system. In elasmobranchs, further researches are in progress on
the immune cells of granulopoietic tissues like Leydig’s and the epigonal
organs. Cartilaginous fish are key in the evolution of vertebrates and
surprisingly exhibit several features of the mammalian protection sys-
tem; thus, studying shark defensive cells is essential to improve the
understanding of higher vertebrate immunity.
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