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Abstract

Metazoans have several mechanisms of internal defense for their survival. The internal defense system evolved along-
side the organisms. Annelidae have circulating coelomocytes that perform functions comparable to the phagocytic
immune cells of vertebrates. Several studies have shown that these cells are involved in phagocytosis, opsonization,
and pathogen recognition processes. Like vertebrate macrophages, these circulating cells that permeate organs
from the coelomic cavity capture or encapsulate pathogens, reactive oxygen species (ROS), and nitric oxide (NO).
Furthermore, they produce a range of bioactive proteins involved in immune response and perform detoxification
functions through their lysosomal system. Coelomocytes can also participate in lithic reactions against target cells
and the release of antimicrobial peptides. Our study immunohistochemically identify coelomocytes of Lumbricus ter-
restris scattered in the epidermal and the connective layer below, both in the longitudinal and in the smooth muscle
layer, immunoreactive for TLR2, CD14 and a-Tubulin for the first time. TLR2 and CD14 are not fully colocalized with
each other, suggesting that these coelomocytes may belong to two distinct families. The expression of these immune
molecules on Annelidae coelomocytes confirms their crucial role in the internal defense system of these Oligochaeta
protostomes, suggesting a phylogenetic conservation of these receptors. These data could provide further insights
into the understanding of the internal defense system of the Annelida and of the complex mechanisms of the
immune system in vertebrates.
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Introduction
The internal defense mechanisms allow the survival of
the host in the metazoan. These mechanisms become
increasingly complex as organisms evolve. Unlike verte-
brate deuterostomes, protostomes lack adaptive immu-
nity, basing their defense on innate immunity [56]. The
initial line of defense against bacteria and microorgan-
isms in vertebrates is the quick activation of innate
immune cells and molecules. Recently, invertebrates
have become candidates for innate immunity analysis to
reveal strategies and complexities of vertebrate adaptive
immune response. Invertebrates have developed a vari-
ety of active immune mechanisms including the produc-
tion of antimicrobial peptides, coagulation, phagocytosis,
and encapsulation reactions [20, 24]. These mechanisms
depend on “pattern recognition receptors” (PRRs), innate
immune molecules which can discriminate “self” from
“non-self” membrane components. The recognition
of “pathogen-associated molecular patterns” (PAMPs)
regulates the start of essential signaling pathways, up to
the activation of genes encoding inflammatory media-
tors, antimicrobial peptides, and phagocytosis regulators
[32]. Oligochaetes annelids (earthworms) have become
a model for comparative immunology, and, like leeches,
are used for terrestrial and aquatic environmental bio-
monitoring (B.-T. [48, 52, 53, 72]. Earthworms are pro-
vided with innate, highly developed, and effective defense
mechanisms against dangerous environmental microor-
ganisms. The first mechanical-biological line of defense,
that separates the body of annelids from the external
environment is the tegument, composed of an epider-
mis and muscle layers. It has a cuticle with a thin layer
of mucopolysaccharides and proteins, which act as an
antimicrobial barrier [20]. In earthworms the cellular and
humoral immune systems work together for the first time
in the metazoans evolution. The fluid in the coelomic
cavity is thought to be responsible for humoral immu-
nological activities. The coelomic cavity of earthworms
is filled with fluids containing free and wandering coe-
lomocytes and their pigmented aggregates, called brown
bodies, product of the encapsulation of invading bacte-
ria and particulate residues. Several biological processes,
including hemolytic, proteolytic, cytotoxic, and antibac-
terial are performed by the coelomic fluid of earthworms
[19, 24, 29]. The coelom directly communicates with the
external environment through the dorsal pores and the
coupled nephridial tubules, that excrete the metabolites.
These pores are also involved in the elimination of bacte-
ria and exhausted coelomocytes. Under stress conditions,
the coelomic fluid and the suspended cells can be rapidly
expelled by the increase in intracelomic pressure [24].
Coelomocytes of earthworms are an essential ele-
ment of the cellular innate immunity. These cells
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resemble vertebrate leukocytes in both morphology
and function [33]. Coelomocytes perform a wide range
of tasks, including cell cytotoxicity, encapsulation, and
phagocytosis. They can be divided into two primary sub-
populations: eleocytes and amoebocytes (hyaline and
granular) [33]. Hyaline and granular amoebocytes are
involved in phagocytosis and encapsulation, expressing
various PRRs [23, 60]. These circulating cells that migrate
into tissues from the coelomic cavity are very similar
to vertebrate macrophages, engulfing or encapsulat-
ing pathogens, reactive oxygen species (ROS), and nitric
oxide (NO) [39]. Eleocytes produce a wide range of bio-
active proteins that are involved in the humoral immune
response and also detoxifying the body through their lys-
osomal system [24]. Coelomocytes can take part in lithic
reactions against target cells and the release of antimicro-
bial peptides. Among the immune mechanisms, trans-
plantation experiments have demonstrated the existence
of self-recognition in earthworms [28].

Annelid coelomocytes rapidly form immune mecha-
nisms against bacteria, parasites, and yeasts through cel-
lular reactions [59]. This rapid response is mediated by
soluble antibacterial molecules, such as lysozyme, lys-
enin, and lumbricin [22, 42, 68]. Highly conserved immu-
nological molecules, such as cell surface indicators, were
discovered on coelomocytes using cytometric flow analy-
sis. In particular, coelomocytes reacted with mammalian
specific antibodies, showing superficial positivity to anti-
bodies anti-CD11a, CD45RA, CD45R0O, CDw49b, CD54,
b2-M, and Thy-1 [30, 34].

Our study aims to immunohistochemically evaluate the
presence of TLR2, CD14, and a-Tubulin for the first time
in coelomocytes of Lumbricus terrestris (Linnaeus, 1758),
a broad, multi-segmented, cylindrical earthworm belong-
ing to the family Lumbricidae (Annelida, Oligochaeta),
hermaphrodite, 8 to 10 cm long [55]. Improving the
knowledge of the invertebrate internal system of defense
can help in the understanding of the more sophisticated
immunity of vertebrates and, consequently, the evolution
of the immune response [63].

Materials and methods

Samples and Tissue preparation

Lombricus terrestris samples come from our laboratory
histotheca. Previously, they were taken in uncontami-
nated open field and acclimated for two weeks in fresh
soil, as reported by Licata et al. [51], and then were pre-
pared using the standard methods for light microscopy.
Samples were immersed immunofix (paraformaldehyde
4%) (05-W01030705, BioOptica Milano S.p.A., Milan,
Italy) for two hours. Then, they were treated with a dehy-
drating ethanol scale (from 30 to 100% ethanol), and
then prepared for the inclusion in paraffin using xylene.
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Once included, two thin sections of 3—5 pm cutted with a
rotary microtome were placed on each slide.

Histology

A morphological and a histochemical stains were used to
process the slides [4, 6]. Slices were then rehydrated using
progressive alcohol solutions (from 100 to 30% ethanol),
to distilled water after being deparaffinized in xylene
[17],G. [75], subsequently, they were stained using Mal-
lory trichrome and AB/PAS [3]. After staining slides were
mounted using Eukitt (BioOptica Milano S.p.A, Milan,
Italy, Europe). Data on the stains used in this study are
included in Table 1.

Immunofluorescence

Deparaffinized sections were treated with a 5% solu-
tion of sodium borohydride to eliminate autofluores-
cence, then a 2.5% solution of bovine serum albumin
(BSA) was used, and then slices were incubated over-
night with primary antibodies against TLR2, CD14, and
a-Tubulin [40]. After that, the incubation of secondary
antibodies was performed. To avoid bleaching, the slices
were mounted using Fluoromount~ Aqueous Mounting
Medium (Sigma-Aldrich, Taufkirchen Germany, Europe).
Experiments were run without the primary antibodies as
a negative control (data not shown). In order to confirm
that the primary antibodies were immunopositive, rat
skin tissues were employed as a positive control (data not
shown) [5, 47, 74].

Table 1 Stains used in this study
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The sections were analyzed under a Zeiss LSM DUO
confocal laser scanning microscope with a META
module (Carl Zeiss Microlmaging GmbH, Jena, Ger-
many, Europe) with a helium-neon (543 nm) and argon
(458 nm) lasers of different wavelengths [7]. To improve
pictures Zen 2011 (LSM 700 Zeiss software, Oberkochen,
Germany, Europe) was used. Using Adobe Photoshop CC
version 2019 (Adobe Systems, San Jose, CA, USA) the
digital images were merged to a composite figure. The
fluorescence intensity curves were then evaluated using
Zen 2011 "Display profile" feature [58]. Details about
antibodies are summarized in Table 2.

Quantitative Analysis

Data were gathered for the quantitative analysis through
the examination of ten sections and twenty fields per
sample. The cell positivity and number was assessed using
Image] software 1.53e. The number of coelomocytes pos-
itive for TLR2, CD14, and o-Tubulin was counted using
SigmaPlot version 14.0 (Systat Software, San Jose, CA,
USA). The normally distributed data were analyzed using
one-way ANOVA and a Student’s t-test. Mean values and
standard deviations (SD) of the number of immunoreac-
tive coelomocytes are reported: ** p <0.01, * p <0.05.

Results

The earthworm Lumbricus terrestris has a mono-strati-
fied epithelium and a covering fibrous cuticle that con-
stitute the epidermis. Connective and muscular tissues
that compose most of the body wall lie beneath the epi-
dermis. The epidermal epithelium keeps the collagen-
ous cuticle distinct from the rest of the organism and is
responsible for the production of this cuticular collagen.
The cuticle, the epidermis, the longitudinal muscle, and

Stain name Type Catalogue number Supplier the circular muscle are all visible by histological inspec-

Mallory trichrome ~ Morphological 04-020,802 BioOptica tion of the cross-section of the body wall of earthworms.
m;};go‘;l’;’/& The epidermis is morphologically well-defined; it is either
Europe a single epithelial layer or pseudostratified; it consists of

Alcian blue/Periodic Histochemical ~ 04-163,802 BioOptica supporting, basal, glandular, and sensory cells (Fig. 1).

Acid Schiff (AB/PAS) Milano S.p.A, Immunofluorescence analysis, at the confocal micro-
E/S‘rg:)'e‘taly’ scope observation, show positive coelomocytes for

Table 2 Antibodies data

Antibody Supplier Dilution Animal source

CD14 Santa Cruz Biotechnology, Inc,, Dallas, TX, USA 1:200 Mouse

TLR2 Active Motif, La Hulpe, Belgium, Europe 1:125 Rabbit

a-Tubulin Santa Cruz Biotechnology, Inc,, Dallas, TX, USA 1:500 Mouse

Alexa Fluor 488 Donkey anti-Mouse ~ Molecular Probes, Invitrogen 1:300 Donkey

IgG FITC conjugated

Alexa Fluor 594 Donkey anti-Rabbit Molecular Probes, Invitrogen 1:300 Donkey

IgG TRITC conjugated
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the architecture of the cuticle (C), the epidermis (Ep), longitudinal muscle (LM), and circular muscle (CM). The epidermis is morphologically
well-defined; it is either a single epithelial layer or pseudostratified; it consists of supporting epithelial cells (arrowheads) and mucous glandular cells
(arrows)

TLR2 (Figs. 2, 3), CD14 (Fig. 2), and o-Tubulin (Fig. 3),
scattered in the epidermal and the connective layer
below, both in the longitudinal and in the smooth mus-
cle layer. TLR2 and CD14 are not fully colocalized with
each other, suggesting that these coelomocytes may
belong to two distinct families (Fig. 2). Furthermore,
mucous glandular cells were tubulin-positive in the
epidermis (Fig. 3). By analyzing the “display profile”
function of the confocal microscope, we confirmed the
fluorescence peaks of colocalization between tested
antibodies.

(See figure on next page.)

Quantitative analysis revealed a similar number of pos-
itive coelomocytes for the individual antibodies tested, as
shown in Table 3.

Discussion

Host responses against invading pathogens are physi-
ological mechanisms belonging to all living organisms.
Since the appearance of the first eukaryotic cells, sev-
eral defense processes have evolved to guarantee cell
integrity, homeostasis, and host survival [25]. Inver-
tebrates have developed a range of defense responses

Fig. 2 Cross Sects. (5 um thick) of Lumbricus terrestris. Sections are immunohistochemically treated with anti-TLR2 and anti-CD14 antibodies.
Magnification 20x. Clear coelomocytes immunoreactive for antibodies tested (arrows) are evident. Epithelial cells are labeled by TLR2 (*). Some
coelomocytes are positive only for TLR2, maybe indicating a different cell population, probably eleocytes (arrowheads). Positive colocalization of
these antibodies may suggest that these cells are amoebocytes (double arrows). The “Display profile” function confirms these data. TL=Transmitted

Light
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Display profile

Fig. 2 (Seelegend on previous page.)
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a-Tubulin 7 TLR2

a-Tubulin+TLR2 TL Overlap

Fig. 3 Cross Sects. (5 um thick) of Lumbricus terrestris. Sections are immunohistochemically treated with anti-TLR2 and anti-a-Tubulin antibodies.
Magnification 20x. Coelomocytes immunoreactive for antibodies tested are evident and colocalized (arrows). In addition, some glandular mucous
cells are positive for a-Tubulin (*). The “Display profile”function confirms these data. TL=Transmitted Light
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Table 3 Quantitative analysis results (mean values = standard
deviations; n=23)

No. of coelomocytes?

TLR2+ 745734 121.86**
CD14+ 517.9248843*
a-Tubulin4 698,65+ 103.81*
TLR2+CD14 503.27 £ 79.91%*
TLR2 4 a-Tubulin 658.15+£97.17*
" p<0.01

"p<0.05

2 One-way ANOVA and Student’s t-test were used to compare the means

that effectively recognize and remove foreign materi-
als, microbes, or parasites. While chordates have adap-
tive immunity, lophotrochozoans as earthworms rely
primarily on innate immune cells, such as phagocytes
(amoebocytes, coelomocytes), that involve phylogeneti-
cally conserved PRRs to mediate the immune response
[41]. Scavenger receptors, TLRs, and Nod-like receptors
(NLRs) are prominent representatives in invertebrates.
Following receptor-ligand binding, signal transduction
initiates a complex cascade of cellular reactions, lead-
ing to the production of one or more effector molecules
involved in the immune response [61]. The coelomic
cytolytic protein (CCF), the lipopolysaccharide-binding
protein (EaLBI/BPI), and the Toll-like EaTLR receptor
are the three types of PRRs that have been identified in
earthworms so far [65, 66]. CCF has been identified and
characterized as an immune molecule of the coelomic
fluid and coelomocytes of Eisenia foetida (Savigny,
1826). CCF, binding to the microbial antigens, can trig-
ger the prophenoloxidase cascade, an important inver-
tebrate immune mechanism that also exerts opsonizing
properties, thus promoting phagocytosis [18, 35].

TLRs are evolutionarily conserved membrane rec-
ognition receptors [9, 15] that recognize foreign anti-
gens using PAMPs [2] and contribute to the modulation
of the immune response [8, 9, 11, 36]. Bodé et al. [24]
demonstrated the presence of TLR on coelomocytes of
an annelid oligochaete Eisenia andrei (Bouché, 1972)
[24]. Skanta et al. (2013) isolated earthworm TLR
(EaTLR) from E. andrei. The high intraspecies diver-
sity of this receptor indicates to the presence of sev-
eral TLR genes within the E. andrei genome. A TLR
from the annelid polychaete Capitella teleta (Blake,
Grassle, and Eckelbarger, 2009), EaTLR, and TLRs of
mollusks and echinoderms share a lot of similarities,
according to phylogenetic research [66]. Prochazkova
et al. highlighted EaTLR and multiple cysteine cluster
(mcc) EaTLR expressed throughout the body tissues of
earthworms. The first one is particularly abundant in
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the digestive system, while the second may act in the
embryonic development and the response against para-
sites [61]. Furthermore, its presence in coelomocytes
can be overexpressed due to bacterial accumulation
[66]. Coelomocytes of Lumbricus terrestris were able
to recognize monocystis in vitro as non-self, confirm-
ing their capacity of immune recognition [62]. Tran-
scriptomics studies confirm the presence of 18 TLRs in
polychaetae annelid Arenicola marina (Linnaeus, 1758)
[67].

We have previously demonstrated the presence of
TLR2 in several vertebrates [4, 11, 12, 16, 46, 54] and uro-
chordates [14, 45].

Following these data, our study characterized immu-
nohistochemically TLR2 in coelomocytes of Lumbricus
terrestris for the first time. We colocalized TLR2/CD14
and TLR2/a-Tubulin, confirming two cell types of coe-
lomocytes, as reported by Engelmann [33]. Not all coe-
lomocytes were colocalized for the antibodies tested,
suggesting a probable functional and structural diversifi-
cation of these cells. Although there is no experimental
evidence, the presence of TLR2/CD14 colocalized coe-
lomocytes may suggest that these cells could be amoe-
bocytes involved in phagocytosis, while coelomocytes
expressing only TLR may be eleocytes cells involved in
the immune response but not performing phagocytic
functions [1, 37, 38],S. J. [49, 50], p.,[57, 71]. Despite
Bodoé et al. suggest the absence of TLR in E. andrei ele-
ocytes using qPCR [23], TLR2-positive eleocytes are
detected in L. terrestris, suggesting a difference between
earthworm species, as already hypothesized on a nuclear
genomic base [64].

A study by Eguielor et al. [31] in leech Glossiphonia
complanata (Linnaeus, 1758) identified morphologically
and histochemically three main cell types (macrophage-
like cells, NK-like cells, granulocytes type I and II) using
different anti-human markers in mouse specific for mac-
rophages CD14 and CD61 [44], and NK cells CD56 and
CD57 [43]. This cross-reactivity to antibodies generated
against mammalian CD antigens agrees with literature
data on phylogenetic correlations between annelids and
vertebrates [21, 30] and could be an example of the evo-
lutive conservation of these immune molecules.

Mouse anti-human anti-CD24, anti-tumor necrosis
factor (TNF)-a, anti-CD45RA, and anti-CD45RO anti-
bodies have been localized in the coelomocyte surfaces
of the earthworm Eisenia foetida [30, 34], suggesting
that these molecules are highly conserved during phy-
logenesis. These studies are consistent with previous
research demonstrating that coelomocyte surface anti-
gens are cross-reactive with antibodies against CD14,
CD11b, and CD11c produced in mammalian Themiste
petricola (Amor, 1964), characterizing phagocytes
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positive to anti-CD14, CD11b and CD11c antibodies
[21]. In accordance with these data, our results showed
phagocytic cells immunoreactive to CD14 in Lumbricus
terrestris.

Furthermore, we demonstrated the immunopo-
sitivity of coelomocytes to a-Tubulin, colocalized with
TLR2, showing a link between cytoskeleton, microtu-
bules, and innate immune response mediated by TLR2.
Colocalization of TLR2 and a-Tubulin confirms the
involvement of tubulin in the transport of TLRs on the
membrane surface. A study by Heli Uronen-Hansson
et al. [70] exhibited extensive tubulovesicular expres-
sion of TLR2 and TLR4 on internal and external mono-
cytes as well as in dendritic cells. Since these receptors
are colocalized with a-Tubulin and linked directly to
the Golgi complex, it is possible that the microtubules
serve as a conduit for the transfer of TLR vesicles [70].
Tubulin is also present in the epidermis, helping to
maintain its integrity [27], and intervening in wound
healing [73], thus assisting the innate immune system,
as also reported by studies on Nematoda Caenorhabdi-
tis elegans (Maupass, 1900) [27, 69].

Colocalization, confirmed by the “display profile”
function of the confocal microscope, corroborates the
results obtained, highlighting the peak of fluorescence
corresponding to the binding of the antibodies to the
corresponding antigens.

In conclusion, our study identifies by confocal
microscopy coelomocytes immunoreactive to TLR2,
CD14, and a-Tubulin for the first time in Oligochaeta
annelid Lumbricus terrestris. These data not only vali-
date the important evolutionary conservation of these
molecules, but also deepen our knowledge of the inter-
nal system of defense of invertebrates, particularly the
annelids, and may provide useful indications for future
studies, improving the study of the complex innate
immune mechanisms of upper vertebrates.
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