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Abstract
Despite extensive investigation focused on both the molecular characteristics and the expression level of Toll-like receptors
(TLRs) during the inflammatory response in vertebrates, few data are available in the literature on the role of these proteins in
invertebrate’s immune response. Here, we propose the medicinal leech as a valuable model to better elucidate the role of TLR4
and its related products, such as tumor necrosis factor (TNF-α), after activation of the leech peripheral immune system with the
endogenous medicinal leech recombinant allograft inflammatory factor-1 (rHmAIF-1) or with an exogenous stimulus, such as
lipopolysaccharide (LPS). Our results indicate that activated macrophages (HmAIF-1+) and granulocytes (CD11b+) express both
TLR4 and its coreceptor CD14. Moreover, functional studies performed by injecting a cyanobacterium selective TLR4 antag-
onist CyP demonstrated that only the TLR4 pathway was blocked, while the immune response caused by lipoteichoic acid (LTA)
treatment is not affected. These results are consistent with literature on vertebrates, indicating that TLR4 functions as a LPS
receptor while the recognition of LTA may involve other pathways.
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Introduction

Innate immunity is the first line against microbial infection
and provides defense mechanisms to protect organisms from
pathogens (Wakabayashi et al. 2006). The essential step to
fight microbial infection is their recognition by specific recep-
tors, such as the pattern recognition receptors (PRRs) (Mahla
et al. 2013). Among PRRs, Toll-like receptors (TLRs) have
been found throughout the animal kingdom and have a crucial
role as primary sensors of invading pathogens in both verte-
brate and invertebrate species (Coscia et al. 2011; Molteni
et al. 2016). These highly conserved receptors have evolved

to recognize products unique to microbial metabolism. In
mammalians, TLR4 has been described as the key receptor
involved in the response both to exogenous stimuli, such as
pathogen-associated molecular pattern (PAMPS) and to sev-
eral endogenous molecules (known as DAMPS, danger or
damage-associated molecular patterns) produced during tissue
damage in a noninfectious inflammatory response (Molteni
et al. 2016). TLR4 triggering induces intracellular signaling
events involving myeloid differentiation factor 88 (MyD88)-
dependent and MyD88-independent pathways, leading to the
activation of downstream transcription factors, such as
NF-κB, AP-1 and IRF3, involved in the activation of several
cellular responses including the production of pro-
inflammatory cytokines and type I interferons (IFNs) (Kawai
and Akira 2010; Molteni et al. 2016).

Despite extensive investigation focused on TLR4 function
especially in humans, due to its role in dysregulated inflam-
mation occurring in several infectious and noninfectious dis-
eases (Molteni et al. 2016), few data are available in the liter-
ature on the role of TLR4 in invertebrate’s immune response.
The study of TLRs and innate immunity has mainly focused
on deuterostomes such as sea urchins and tunicates (Rast et al.
2006). TLRs and Toll signaling pathway components have
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been detected also in other lower invertebrates such as
sponges and unicellular organisms, such as the amoeba
Dictyostelium (Chen et al. 2007). Among invertebrates, pro-
tostomes that have been analyzed for the presence of TLRs
and their role in immune response are primarily representa-
tives of the Ecdysozoa superphylum (e.g., Drosophila and
Caenorhabditis). Conversely, protostome organisms within
the Lophotrochozoan superphylum, such as annelids, have
been poorly analyzed. The first identification of TLR genes
in annelids was done by Davidson C.R. and colleagues in
2008 (Davidson et al. 2008). More recently, the analysis of
genome and transcriptome data from the leech Hirudo
medicinalis showed that at least five TLRs and several splice
variants close to vertebrate TLRs and TLR1 were completely
cloned and characterized (Macagno et al. 2006; Coscia et al.
2011). In addition, the immune function of TLR1, regulating
the release of the cytokine endothelial monocyte-activating
polypeptide II (HmEMAPII) and considered a modulator of
inflammatory reactions within the mammal peripheral innate
immune response, was demonstrated in the H. medicinalis
central nervous system (CNS) (Schikorski et al. 2009).
Analysis of transcriptome database also showed the presence
in leeches of sequence homologs of several products involved
in TLR4 signaling pathways, such as gram-negative lipopoly-
saccharides (LPS)-binding protein (LBP), Toll-interacting
protein (TOLLIP), interleukin-1 receptor-associated kinase 4
(IRAK-4), TNF receptor-associated factor 6 (TRAF-6),
MyD88, NF-kB subunits, IRF, AP-1; closely related to verte-
brate counterparts (Macagno et al. 2010; Tasiemski and Salzet
2017). Intriguingly, in H. medicinalis, MyD88 induction by
LPS challenge was observed, suggesting that the medicinal
leech might respond to LPS through a MyD88-dependent sig-
naling pathway (Rodet et al. 2015).

In the present work, we investigate, both in vivo and
in vitro, the response to LPS, used as exogenous stimuli
PAMP and to the recombinant cytokine allograft
inflammatory factor-1 (rHmAIF-1, Drago et al. 2014), highly
involved in leech macrophage recruitment (Schorn et al.
2015a, b) and used as DAMP, in the medicinal leech,
Hirudo verbana, a species closely related to best-known
H. medicinalis. This invertebrate model shows a very simple
anatomy and has a parenchymatous body and a coelom re-
duced to small cavities (Mann and Kerkut 1962; Sawyer
1986). Underneath the epithelium is an avascular muscular
layer formed by muscle fibers organized in fields and
surrounded by a scant extracellular matrix in which a few
resident immunocompetent cells, such as macrophages and
granulocytes type I, are present. The muscular sac is separated
from the inner digestive tube by a loose connective tissue
containing the botryoidal and the vasofibrous tissue, two spe-
cific hematopoietic tissues from which most of the myeloid
lineage-derived leucocytes arise (Grimaldi et al. 2006, 2011,
2018). The injection of LPS or rHmAIF-1, a pro-

inflammatorycytokine, in the leech body wall induces the ac-
tivation of immunocompetent cells that migrate towards the
challenged area, crossing the extracellular matrix located
among muscle fibers (Schorn et al. 2015b; Grimaldi 2016;
Baranzini et al. 2017). In this study, we found that in vivo
treatment with LPS or rHmAIF-1 induced the expression of
a TLR4-like receptor and upregulation of a TNF-α-like mol-
ecule in immunocompetent cells recruited in the challenged
areas of the leech. Using a specific and selective TLR4 antag-
onist, CyP, which was demonstrated to be active in human,
mouse and porcine immune cells (Macagno et al. 2006;
Thorgersen et al. 2008; Gemma et al. 2016), we found effi-
cient inhibition of a TNF-α-like molecule expression induced
by treatments, both in vivo and in vitro.

Material and methods

Animals and treatment

Adult leeches (H. verbana, Annelida, Hirudinea, from
Ricarimpex, Eysines, France) measuring 10 cm were kept in
water at 19–20 °C in aerated tanks. Animals were fed weekly
with calf liver. Before injection and/or dissection, leeches
were anesthetized with a 10% ethanol solution and all treat-
ments were performed at the 20° metamere. Animals were
sacrificed 6 h after each treatment and tissue samples were
processed for light microscopy, electron microscopy, immu-
nofluorescence and Western blot analysis. The animals were
randomly divided into four experimental groups (three ani-
mals for each group):

Group 1 Unstimulated control leeches, to verify the normal
and correct morphological information about the
body organization.

Group 2 Animals injected with 100-µL sterilized phosphate
buffer saline (PBS, 138 mM NaCl, 2.7 mM KCl
4.3 mM Na2HPO4, 1.5 mM KH2PO4, pH 7.4), to
confirm that PBS alone does not induce an immune
response.

Group 3 Animals injected with 100 μL of PBS containing
20 ng of the recombinant medicinal leech AIF-1
protein rHmAIF-1 (Schorn et al. 2015a), highly
involved in the leech inflammatory response and
used as DAMP.

Group 4 Animals injected with 100 μL of PBS containing
100 ng/ml of LPS (used as PAMP) obtained from
Escherichia coli (Serotype O55:B5, Sigma, St.
Louis, MO, USA) to evaluate the expression of
TLR4 in the cells involved in the immune response.

Group 5 Animals injected with 100 μL of PBS containing
1 μg/ml of CyP, a LPS-like molecule extracted
f rom the cyanobac t e r i um Osc i l l a to r ia
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Planktothrix FP1 (cyanobacterial product [CyP])
that acts as a potent and selective antagonist of
bacterial LPS (Macagno et al. 2006).

Group 6 Animals injected with 100 μL of PBS containing
100 ng/ml of LTA obtained from Bacillus subtilis
(Sigma, St. Louis, MO, USA) and specifically rec-
ognized by TLR2 receptor.

Light and electron microscopy

Leech tissues, dissected from the area of the injection, were
fixed in 2% glutaraldehyde in 0.1 M cacodylate buffer
(pH 7.4) for 1 h at room temperature. Specimens were then
washed in the same buffer and post fixed for 1 h in 1% osmi-
um tetroxide in cacodylate buffer. Subsequently, samples were
washed five times in 0.1 M cacodylate buffer and then
dehydrated with ascending ethanol scale.

The preparations were then transferred into propylene
oxide and Epon resin (1:1 ratio) for 1 h, left overnight
in resin and finally included. The semi-thin sections
(0.75 μm) for light microscopy were cut with Reichert
Ultracut S ultratome (Leica, Nussloch, Germany), col-
lected on slides and colored with crystal violet and ba-
sic fuchsine (Moore et al. 1960). The slides were ob-
served with a Nikon Eclipse Ni light microscope
(Nikon, Tokyo, Japan) and photographed with a Nikon
Digital Sight DS-SM (Nikon, Tokyo, Japan) digital
camera.

Ultrathin sections (80 nm) were placed on copper grids,
stained by uranyl acetate and lead citrate and observed with
a Jeol 1010 EX transmission electron microscope TEM (Jeol,
Tokyo, Japan). Data were recorded with a digital camera sys-
tem (MORADA, Olympus, Tokyo, Japan).

In silico identification of TLR4 sequence in Hirudo
verbana transcriptome

After opening the database using the reading program
Notepad ++ https://notepad-plus-plus.org/, we carried out
a search for the TLR4 sequence. Among the several
sequences found, we selected the code TRINITY_
DN36106_c0_g1_i4 (the transcribed RNA sequence).
Subsequently, using the program ApE - A plasmid editor
http://jorgensen.biology.utah.edu/wayned/ape/, we found
the correct open reading frame and, using the same
program, we then translated the nucleotide sequence into
amino acids obtaining the sequence of TLR4 from H.
verbana. This sequence was subsequently aligned with
sequences of TLR4 form other protostomes or form
some vertebrates (mammals and fish), using Blast
https://blast.ncbi.nlm.nih.gov/Blast.cgi.

Immunofluorescence

Samples were embedded in Polyfreeze tissue freezing medium
(OCT, Tebu-Bio, Le Perray-en-Yvelines, France) and immedi-
ately frozen in liquid nitrogen. Cryosections were then obtained
with a Leica CM 1850 cryotome. For immunofluorescence
assays, sections were rehydrated with PBS for 5 min, pre-
incubated for 30 min with blocking solution (2% bovine serum
albumin and 0.1% Tween20 in PBS) and later incubated for 1 h
at room temperature with the primary antibodies anti-TLR4
(rabbit, polyclonal, Santa Cruz Biotechnology, CA, USA, sc-
10741, recognizing an epitope corresponding to amino acids
242–321 mapping to an internal region of TLR4 of human
origin), anti-CD14 (mouse, monoclonal, Santa Cruz
Biotechnology, sc-515785, which specifically stains monocytes
and macrophages of leech) (de Eguileor et al. 2000a), and poly-
clonal rabbit anti-tumor necrosis factor-TNF-α (Abcam,
Cambridge, UK, ab6671) diluted 1:200 in blocking solution.
All specimens were washed before incubation respectively with
anti-rabbit Cy3-conjugated or anti-mouse FITC-conjugated
(Jackson Immuno Research Laboratories, West Grove, USA)
secondary antibodies, for 1 h at room temperature.

Double-labelling experiments to detect CD11b/TLR4,
CD14/TLR4, CD14/CD11b and CD14/HmAIF-1 co-
expressing cells were performed with the same method previ-
ously described (Grimaldi et al. 2011), using a different com-
bination of primary antibodies raised in different species: anti-
CD11b (goat, polyclonal, Santa Cruz Biotechnology, sc-
28664, which specifically stains leech granulocytes type I)
(de Eguileor et al. 2000b); anti-TLR4 (rabbit, polyclonal,
Santa Cruz Biotechnology), anti-CD14 (mouse, monoclonal,
Santa Cruz Biotechnology) and anti-HmAIF-1 (rabbit anti-
Hirudo AIF-1) (Drago et al. 2014), a specific marker for leech
macrophages (Schorn et al. 2015b), kindly donated by Prof.
Jacopo Vizioli, University of Lille 1, France.

Then, samples were incubated with a mix of the appropri-
ate secondary antibodies: anti-rabbit FITC-conjugated
(Abcam), anti-rabbit Cy3-conjugated, anti-goat Cy3-conju-
gated and anti-goat FITC-conjugated anti-mouse FITC-conju-
gated (Jackson Immuno Research).

Since the antibodies for the dual HmAIF-1/TLR4 were
produced in the same species, a different method was used
as previously described (Grimaldi et al. 2011; Girardello
et al. 2015b). After the first staining cycle, the sections were
incubated with anti-rabbit IgG (Sigma) at 1:500 for 2 h, to
prevent the secondary antibody of the second staining cycle
binding to the primary antiserum applied in the first stage.

Nuclei were counterstained with 4.6-diamidino-2-
phenylinedole (DAPI, 0.1 mg/ml in PBS) for 3 min and slides
were mounted with Cityfluor (Cityfluor Ltd., UK). In negative
control experiments, primary antibodies were omitted or
substituted with pre-immune serum (1:20,000) and sections
were incubated only with the secondary antibodies.
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Western blot analysis

The tissues extracted from injected areas were immediately
frozen in liquid nitrogen and then homogenized with a mortar.
The homogenates were suspended (10 μl per mg of tissue) in
RIPA buffer (150 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, 50 MM Tris-HCl pH 8.0) in the
presence of protease and phosphatase inhibitors and kept O/
N on a rotation mixer at 4 °C. The particulate was removed by
centrifugation at 13,000 rpm for 20 min at 4 °C in a refriger-
ated Eppendorf Minispin microcentrifuge (Hamburg,
Germany). Supernatants containing total proteins extracted
were denaturated at 95 °C for 5 min (Laemmli 1970).
Samples were assayed for protein concentration with the
Coomassie Brilliant Blue G-250 (Pierce, Rockford, IL,
USA) protein assay, using bovine serum albumin as standard.
Equal amounts of protein (10 μl of a 2 mg/ml final concentra-
tion) of denatured protein were loaded on 8% acrylamide
minigels for SDS-PAGE analyses. The proteins were separat-
ed by SDS-PAGE and transferred to a nitrocellulose filter by
means of a gel transfer system by applying 400mA for 1 h and
45 min. Subsequently, membranes were incubated in a
blocking solution, 5% milk in Tris-buffered saline (TBS:
Tris HCl 50 mM pH 7.5, NaCl 150 mM) for 2 h in continuous
stirring. Membranes were then incubated O/N at 4 °C with the
primary rabbit polyclonal anti-TLR4 or anti-TNF-α antibod-
ies diluted 1:250 in blocking solution. For the anti-TNF-α
immunoblot, the blocking solution was composed by 5% bo-
vine serum albumin in TBS, according to the datasheet. After
washing with TBST (0.1% Tween20 in TBS) three times of
10 min each, membranes were incubated with a secondary
anti-rabbit IgG antibody conjugated to horseradish peroxidase
(Jackson Immuno Research Laboratories) diluted 1:7500 in
blocking solution for 1 h at room temperature. After further
washing, the membranes were incubated with luminol
LiteAblot® PLUS Enhanced Chemiluminescent Substrate
(Eu roC lone S .p .A . , Pe r o , I t a l y ) t o r evea l t h e
immunocomplexes and exposed to a Kodak X-Omat AR film.
Then, the blots were stripped in the stripping solution
(62.5mMTris–HCl pH 6.7, 2% (w/v) SDS and 100 mM β-
mercaptoethanol) for 30 min at 50 °C. The blots were washed
with Tris-buffered saline and after treatment with blocking
solution, were incubated with a rabbit anti-human polyclonal
antibody IgG recognizing the housekeeping protein D-
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) dilut-
ed 1:1000 (Proteintench, Chicago, USA). After intensive
washes, the immunolabelled bands were detected using a
peroxidase-conjugated anti-rabbit secondary antibody
(Jackson Immuno Research Laboratories) diluted 1:7500 in
blocking solution for 1 h at room temperature. The processed
blots, before and after stripping, were scanned and, for quan-
tification analysis, were subjected to densitometric analysis
using ImageJ software package (http://rsbweb.nih.gov/ij/

download.html). The recorded intensities of the GAPDH
bands were used as an internal control to correct for
differences in the samples loading on the gels. The
densitometry data for each TLR4 and TNF-α band were nor-
malized to that of GAPDH. The expression level of TLR4 and
TNF-α were reported relatively to untreated animals.

Functional studies

For the in vivo study, animals were injected with 100 μL of
PBS containing 1 μg/ml of CyP and/or 100 ng/ml of LPS.
Lipoteichoic acid (LTA) and a combination of LTA/CyP were
used as positive control. For the in vitro study, the same com-
binations of CyP and/or stimulants were added to the culture
medium of primarymacrophage cultures, isolated as previous-
ly described (Girardello et al. 2015a, 2017).

Image acquisition and recording

Slides were examined with the Nikon Eclipse Ni (Nikon,
Japan) light and fluorescence microscope equipped with three
different excitation/emission filters: 360/420 nm for DAPI
nuclear staining, 488/525 nm for FITC signals and 550/
580 nm for Cy3 signals. Images were acquired using Plan
20x, 0.40 NA and Plan 100X, 1.25 NA, oil objectives.

Data were recorded with a Nikon Digital Sight DS-SM
(Nikon, Tokyo, Japan) digital camera and imageswere combined
using Adobe Photoshop (Adobe Systems, San Jose, CA, USA).

Statistical analysis

Experiments were performed in triplicate and data represent
the mean values ± SD. Statistical significance was assessed by
one-way or factorial ANOVA followed by Tukey’s post hoc
test and p < 0.01 was considered statistically significant
(GraphPad Prism 7, GraphPad Software, La Jolla, CA, USA).

Fluorescence intensity was assessed by analyzing three dif-
ferent microphotographs for each time point/assay using the
ImageJ software package. Statistical analyses were performed
using GraphPad Prism 7 (GraphPad Software, La Jolla, CA,
USA). Statistical differences were calculated by factorial
ANOVA followed by Tukey’s post hoc test and p < 0.01
was considered statistically significant.

Results

A receptor closely related to TLR4 is constitutively
expressed in unlesioned leeches and is highly induced
by LPS challenge in vivo

First of all, we identified a TLR4-like sequence (Fig. a in
supplementary information S1) in the H. verbana
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transcriptome (Northcutt et al. 2018, GeneBank https://www.
ncbi.nlm.nih.gov/genbank/, BioProject No. PRJNA435743,
Sequence Read Archive (SRA) SRR6782848). This protein
was characterized by the presence of the LRR and TIR spe-
cific domains of TLR4 (Fig. b in supplementary information
S1) and showed a different grade of homology with TLR4
from other lophotrochozoan protostomes (i.e., 30% with mol-
luscs Octopus bimaculoides, GenBank accession no.
XP014770880.1 and Crassostrea gigas, GenBank accession
no. XP011422119.1, 40% with annelids Helobdella robusta,
GenBank accession no. XP009025691.1) and 26% with
TLR4 from mouse (GenBank accession no. AAF05316.1)
and from human (GenBank accession no. AAF05316.1).
Moreover, the TLR4 sequence from H. verbana had an iden-
tity of 85% with TLR1 from the closely related species H.
medicinalis (GenBank accession no. ADK94453.1, Fig. c in
supplementary information S1) and of 23% with TLR22 of
fish (Sparus aurata, GenBank accession no. CDK37745.1).
Based on already published data (Schikorski et al. 2009)

demonstrated a crucial role ofHmTLR1 in immune responses
developed by the leech nervous CNS, here we investigated the
direct relationship between HvTLR4 and the peripheral leech
immune response induced by bacterial infection or by stimu-
lation with endogenous molecules, such cytokines. In partic-
ular, to assess the effects of LPS or the recombinant protein
rHmAIF-1 in inducing TLR4 expression in the peripheral
leech immune cells, we injected LPS or rHmAIF-1 in the leech
body wall. Leeches treated with PBS were employed as con-
trols. TLR4-like expression in the activated and migrating
immune cells was assessed by experiments on cryosections
from unlesioned, PBS, rHmAIF-1 or LPS-injected 6 h post-
treatment leeches using an anti-human polyclonal antibody
recognizing an epitope corresponding to amino acids 242–
321 mapping to an internal region of TLR4 of human origin
(Fig. d in supplementary information S1).

Our data showed that the anti-TLR4 antibody positively
reacted with a protein expressed at a low level in the body
wall of unlesioned leeches (Fig. 1a). This factor was mainly

Fig. 1 TLR4 immunolocalization and Western blot assay. Only a few
TLR4+ cells are detectable in untreated (a) and PBS injected samples
(b) while the number of these cells increases in rHmAIF-1 and LPS-
challenged samples (c, d). No signal is detected in negative control ex-
periments in which the primary antibody is omitted (e) or substituted by
preimmune serum (f). Nuclei are counterstained in blue with DAPI. Bars
in a–f, 100 μm. e epithelium, m muscle fibers. Western blot analysis
shows the two immunoreactive products of 130 kDa and 95 kDa (g).
n.t. untreated animals. GAPDH is used as internal reference. A

representative Western blot from one of three independent experiments
is shown for both antibodies. The individual signals from each lane have
been cropped (square) from larger digital images, which are available as
Supplementary Information (Fig. S2). The graph illustrates immunoblot
quantification (h). Statistical differences have been calculated by factorial
ANOVA followed by Tukey’s post hoc test; vertical bars denote standard
deviation; different letters indicate statistically significant differences
(p < 0.01)
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expressed in cells located in the connective tissue underlying
the epithelium and surrounding the fields of muscle fibers.

A similar pattern was observed in samples analyzed 6 h
after PBS treatment (Fig. 1b). Interestingly, 6 h after
rHmAIF-1 (Fig. 1c) or LPS (Fig. 1d) injection, numerous cells
were clearly recognizable in the challenged area.

These migrating cells positively reacted with the anti-
TLR4 antibody and were mainly localized under the epitheli-
um and among the muscle fiber fields. No signal was detected
in negative control experiments, where the primary antibody
was omitted or substituted by serum preimmune and sections
were incubated only with the secondary antibody (Fig. 1e, f).

The expression profile of TLR4-like was analyzed by
Western blot assay. Immunoblot analysis on body wall protein
extracts confirmed the presence of immunoreactive products
at about 130 and 95 kDa (Fig. 1f). GAPDH was used as an
internal reference and band intensity appeared to be

homogeneously distributed in the loaded samples (Fig. 1f).
In comparison with basal expression or after PBS injection,
stimulation with rHmAIF-1 or LPS significantly induced the
amount of the 130 kDa TLR4-like form, more evidently, after
LPS challenge (Fig. 1g).

TNF-α-like molecule expression in unlesioned
and challenged leeches

Since one of the final targets of the TLR4 signaling pathway is
TNF-α, this marker was used to evaluate the activation of the
pro-inflammatory response. Immunocytochemical experi-
ments with anti-TNF-α antibody showed no signal in untreat-
ed and PBS-treated leeches (Fig. 2a, b) while a spread signal
of a TNF-α-like-molecule was detectable in rHmAIF-1 and
LPS injected samples (Fig. 2c, d). The negative controls,
where the primary antibody was omitted or substituted by

Fig. 2 TNF-α immunolocalization and Western blot assay. Compared to
untreated (a) and PBS injected animals (b), where the TNF-α signal is
practically absent, the positivity for this antibody is clearly observable in
rHmAIF-1 (c) and LPS injected samples (d). The control experiments,
where the primary antibody is omitted (e) or substituted by preimmune
serum (f), were negative. Nuclei are stained with DAPI (blue). Bars in a–
f, 100 μm. e epithelium, m muscle fibers. In the Western blot assay (g)
GAPDH is used as internal reference. A representativeWestern blot from

one of three independent experiments is shown for both antibodies. The
individual signals from each lane have been cropped (square) from larger
digital images, which are available as Supplementary Information (Fig.
S2). The graph illustrates TNF-α expression levels after the different
treatments (h). n.t. untreated animals. Statistical differences have been
calculated by One-way ANOVA followed by Tukey’s post hoc test; ver-
tical bars denote standard deviation; different letters indicate statistically
significant differences (p < 0.01)
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serum pre-immune, were completely negative (Fig. 2e, f).
Western blot analysis evinced the presence of an immunore-
active product of approximately 30 kDa (corresponding to the
expected molecular weights of the homologous 26 kDa iso-
form of human) that was compared to the internal reference
GAPDH (Fig. 2f). The TNF-α-like molecule expression was
notably increased after LPS challenge, thus confirming the
pro-inflammatory effect of the bacterial product (Fig. 2g).

Characterization of the cell types recruited at the site
of LPS injection and cross-reacting with anti-TLR4
antibodies

To characterize the cells expressing TLR4-like molecules, we
performed both a morphological analysis with light and electron
microscopes and immunofluorescence assays. Our morphologi-
cal data confirmed that 6 h after rHmAIF-1 or LPS injection, the
leech body wall was infiltrated by cells showing the typical
features of macrophage-like cells (Fig. 3), vasofibrous tissue

and granulocytes of type I, the last deriving from the vasofibrous
tissue (Grimaldi et al. 2011) (Figs. 4 and 5).

Macrophages (Fig. 3a–d) were characterized by a ruffled
surface, due to the presence of pseudopodia and a high ratio of
nucleus to cytoplasm. These cells, as demonstrated by double
immunofluorescence staining, were HmAIF-1+/TLR4+ (Fig.
3c), HmAIF-1+/CD14+ (Fig. 3d) and TLR4+/CD14+ (Fig.
3e). No signal was detected in negative controls (Fig. 3f, g).

In unstimulated leeches, vasofibrous tissue was poorly rep-
resented in the loose connective tissue surrounding the muscle
fibers (Fig. 4a, b). It was composed by vasocentral cells, with
a cytoplasm containing a few large granules, surrounded by
vasofibrous cells, showing a cytoplasm rich in small, highly
electron-dense granules (Fig. 4b). In this tissue, only the
vasofibrous cells were CD11b+/ TLR4+ (Fig. 4c), CD11b+/
CD14+ (Fig. 4d) and TRL4+/CD14+ (Fig. 4e), while the asso-
ciated vasocentral cells did not express these markers. No
signal was detected in negative controls (Figs. 4f, g).

After LPS stimulation, the vasofibrous cells detach from
vasocentral cells and differentiate into type I granulocytes

Fig. 3 Macrophages: morphological and immunocytochemical
characterization. Leech macrophage-like cells at optical microscopy
(arrowhead in a) and TEM (b) showing pseudopodia (arrows), typical
of migrating cells. Double immunolocalization with rHmAIF-1 (green),
specific macrophagic marker, coupled with anti-TLR4 (red) (c) and anti-
CD14 (red) (d) antibodies. Double labelling of TLR4 (red) and CD14

(green) (e). The merge results in yellow. The control experiments, in
which the primary antibody is omitted (f) or substituted by preimmune
serum (g), were negative. Nuclei are counterstained with DAPI (blue).
Bars in a, c–g, 10 μm; bar in b, 2 μm. m muscle fiber, ECM extracellular
matrix, n nuclei
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(Fig. 5a, b). Indeed, double-labelling experiments clearly
demonstrated that mature type I granulocytes maintained the
samemarkers observed for the vasofibrous cells. In fact, type I
granulocytes were CD11b+/TLR4+ (Fig. 5c), CD11b+/CD14+

(Fig. 5d) and TRL4+/CD14+ (Fig. 5e). No signal was detected
in negative controls (Fig. 5f, g).

Functional study

To elucidate whether the selective TLR4 antagonist CyP might
antagonize activation of the pro-inflammatory response in-
duced by LPS, we evaluated TNF-α-like-molecule expression
in leeches treated with both LPS and CyP. As controls, we
employed leeches treated with LTA, a gram-positive product
known to induce a TLR4-independent pro-inflammatory re-
sponse. In not treated as well as in CyP-injected leeches, a
few cells expressing the TNF-α-like molecule were detectable
underneath the epithelium, where the injection was performed
(Fig. 6a, b). On the contrary, after LPS treatment, the signal was

markedly higher (Fig. 6d) and numerous cells positive for the
TNF-α-like-molecule and migrating towards the challenged
area were detectable among the muscle fibers and underneath
the epithelium. A similar result was obtained in positive control
samples treated with LTA alone (Fig. 6f). In CyP/LPS-injected
leeches, the TNF-α-like-molecule signal was significantly
downregulated compared to those treated with LPS alone
(Fig. 6c). Interestingly, leeches treated with CyP/LTA (Fig.
6e) did not show any inhibition of the TNF-α-like molecule
signal, thus suggesting that the pro-inflammatory response in-
duced by LPS and LTA involves different signaling pathways
also in annelids.Western blot data (Fig. 6g) confirmed the trend
of the TNF-α-like molecule expression (Fig. 6h).

The in vitro study confirmed the results obtained in vivo. In
detail, a low positivity for the TNF-α-like molecule was found
in not treated as well as for CyP or CyP/LPS-treated macro-
phages (Fig. 7a–s), while in LPS, CyP/LTA and LTA macro-
phages, the signal was much more evident (Fig. 7d–f) as con-
firmed by fluorescence quantification (Fig. 7g).

Fig. 4 Vasofibrous tissue cells: morphological and immunocytochemical
characterization. Details of vasofibrous tissue at optical microscopy
(arrowhead in a) localized in the extracellular matrix (ECM) surrounding
muscle fibers (m). TEM image (b) showing a vasocentral cell (vc), with a
cytoplasm containing a few large granules surrounded by a vasofibrous
cell (arrow) characterized by small and highly electron-dense granules.
Double labelling with CD11b (green) coupled with anti-TLR4 (red) (c)

and anti-CD14 (red) (d). Double localization of TLR4 (red) and CD14
(green) (e). Only the vasofibrous cells (in yellow) expressed these
markers, while the vasocentral cells (encircled) were completely negative.
In the control experiment, where the primary antibody is omitted (f) or
substituted by preimmune serum (g), no signal was detected. Nuclei are
counterstained in bluewith DAPI. Bars in a, c–g, 10μm; bar in b, 5μm. n
nucleus
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Discussion

The primary goal of this study is to demonstrate that the per-
ception of both PAMPs and DAMPs in leech implicates, like
in mammals, the specific sensing receptor TLRs. Moreover,
with our findings, we suggest the medicinal leech as a power-
ful and simpler model for better elucidating the function and
regulation of TLRs in the peripheral innate immune response.
Within this context, our previous observations showed that, in
the medical leech, peripheral immune cells can discriminate
the pathogenic components (Schorn et al. 2015a) and secrete
antibacterial molecules (Baranzini et al. 2018). These mole-
cules are involved in immune cells recruitment and activation,
antimicrobial activity and in regenerative processes (Schorn
et al. 2015a, b; Baranzini et al. 2017). Here, we provide further
experimental evidence showing an upregulation of a TLR4-
likemolecule in the stimulated leech bodywall and supporting
the hypothesis of its critical role in orchestrating a response
against pathogen infection. The sequence of TLR4 from
H. verbana was retrieved by in silico analysis of all its tran-
scriptome (Northcutt et al. 2018). Strikingly, phylogenetic
studies show that although there is significant conservation

between HvTLR4 and TLR4 sequences from other proto-
stomes and mammals, TLR4 fromH. verbana is more closely
related to TLR1 from its related species H. medicinalis. This
observation seems to reinforce the hypothesis that, like
HmTLR1 in a neural context (Schikorski et al. 2009),
HvTLR4 as well could be involved in regulating the periph-
eral innate immune response. However, differently from
HmTLR1, mainly implicated in GRAM+ recognition,
HvTLR4 should be involved in GRAM− recognition, like its
mammalian counterpart. The possible functional homology
between leech and mammal TLR4was confirmed by analyzing
HvTLR4 expression levels by immunofluorescence and immu-
noblot assays in the body wall from LPS or rHmAIF-1-injected
leeches. These two molecules have been chosen since they are
two well-known strong stimulators of leeches’ innate immune
response and promote a massive recruitment and accumulation
of leukocytes at the microbial challenge or lesioned site (de
Eguileor et al. 2000a; Schorn et al. 2015b). Subsequently,
in vivo and in vitro functional experiments using the selective
TLR4 antagonist CyP definitively confirmedHvTLR4 specific-
ity in LPS recognition and in activating the TNF-α expression,
the final target of its signaling pathway.

Fig. 5 Granulocytes: morphological and immunocytochemical
characterization. Type I granulocytes at optical microscopy (arrowheads
in a) and TEM (arrowheads in b) after LPS stimulation. As well as
vasofibrous cells, CD11b+ (green) granulocytes also express TLR4 (red
in c) and CD14 (red in d). Double labelling with TLR4 (red) and CD14

(green) (e). No signal was detected in the control experiment, in which the
primary antibody is omitted (f) or substituted by preimmune serum (g).
Nuclei are counterstained with DAPI (blue). Bars in a, c–g 10 μm; bar in
b 5 μm. m muscle fiber, ECM extracellular matrix
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TLR4-like receptor and TNF-α-like molecule
expression in leech immune cells

First tissue localization of TLR4-like protein was evaluated by
immunocytochemical techniques in leeches unlesioned and
stimulated with LPS or with rHmAIF-1. Our data suggest a
constitutive expression of a TLR4-like protein in unlesioned
leeches and a massive increase of this marker after challenge
with rHmAIF-1 or LPS. In PBS-injected leeches, the expres-
sion of this receptor remains at a basal level, indicating that the
mechanical stress induced by the injection or the vehicle so-
lution alone does not exert a significant effect. Interestingly,
Western blot analysis highlights that the polyclonal antibody
anti-TLR4 recognizes two different bands with molecular
weights of about 130 and 95 kDa, respectively. Interestingly,
two isoforms of 130 and 110 kDa have also been described in
vertebrates (Ohnishi et al. 2003). The 130 kDa one

corresponds to the glycosylate TLR4 mature form and it is
expressed on the cell surface (da Silva Correia and Ulevitch
2001). N-linked glycosylation is a major form of co-
translational modification in eukaryotic protein synthesis and
this type of modification is necessary for TLR4 maturation
and its translocation to the cell surface. Otherwise, the
110 kDa form, being partially glycosylated, is unable to trans-
locate to the membrane surface. Our data suggest that in the
medicinal leech, like in mammals, two forms of TLR4-like
molecules exist. At present, we do not know whether the
two TLR4-like forms in leech correspond to different glyco-
sylation patterns and if the high molecular weight form is the
only one expressed on the cell membrane. Further analyses are
needed to clarify this point; indeed, the finding of polyclonal
antibodies cross-reacting with TLR4-like molecules in leech,
will be of great value to deepen the mechanism of action of
these isoforms in leech. Following LPS or rHmAIF-1

Fig. 6 Functional in vivo study. Immunofluorescence images showing
anti-TNF-α labelling (red) of untreated (a) and animals injected with CyP
(b), Cyp/LPS (c), LPS (d), Cyp/LTA (e) and LTA (f). Nuclei are counter-
stained with DAPI (blue). Bars in a–f 100 μm. Western blot assay show-
ing a 30 kDa product for TNF-α and the internal reference used for
normalization (GAPDH) (g). A representative Western blot from one of
three independent experiments is shown for both antibodies. The

individual signals from each lane have been cropped (square) from larger
digital images that are available as Supplementary Information (S1). The
graph represents immunoblot quantification (h). n.t. untreated animals. e
epithelium, m muscle fibers. Statistical differences have been calculated
by one-way ANOVA followed by Tukey’s post hoc test; vertical bars
denote standard deviation; different letters indicate statistically significant
differences (p < 0.01)
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stimulation, we also found an increase of a TNF-α-like-mol-
ecule, the typical pro-inflammatory cytokine released after
TLR4 challenge by LPS. In addition, double immunolocaliza-
tion experiments using different markers, such as the antibody
anti HmAIF-1 for macrophages and the antibody anti-CD11b
for granulocytes (Girardello et al. 2015a; Schorn et al. 2015b;
Grimaldi 2016) confirmed that TLR4-like and its co-receptor
CD14 are expressed in these innate immune cells. These re-
sults and previous observations, indicating that annelids pos-
sess a homolog of LBP (lipopolysaccharide-binding protein)
(Macagno et al. 2010), suggest that a machinery for the trans-
duction of LPS signaling similar to that observed in verte-
brates is active in leech. Interestingly, we also found a co-
expression of CD11b and TLR4-like molecules in

granulocytes. These data are in accordance with other authors’
findings in vertebrates (Ling et al. 2014) and suggest a possi-
ble role of CD11b in TLR4-induced signaling regulation.

Functional in vitro and in vivo studies: TLR4 pathway
was blocked by using the selective TLR4 antagonist
CyP

Functional analyses performed both in vivo and in vitro con-
firmed that in leech the cyanobacterial TLR4 antagonist CyP
could significantly inhibit the LPS-activated pro-inflammatory
response. Indeed, the effect of CyP was highly specific. A sig-
nificant inhibition of the TNF-α-like molecule expression was
observed in leeches or cell cultures treated with LPS in the

Fig. 7 Functional in vitro study.
Fluorescence images showing
anti-TNF-α labelling of not treat-
ed (a) and macrophages treated
for 1 h with CyP (b), CyP/LPS
(c), LPS (d), CyP/LTA (e) and
LTA (f). Nuclei are counterstained
with DAPI (blue). Objective ×
100, bars in a–f 10 μm. Graph
showing fluorescence intensity
for surface unit (g). n.t. untreated
animals. Statistical differences
have been calculated by one-way
ANOVA followed by Tukey’s
post hoc test; vertical bars denote
standard deviation; different let-
ters indicate statistically signifi-
cant differences (p < 0.01)
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presence of CyP. Conversely, no effect was observed in exper-
iments employing LTA as a pro-inflammatory stimulus. It is
well known that LTA, a product of gram-positive bacteria, ac-
tivates a pro-inflammatory response mediated by TLR2 in ver-
tebrates (Trianiafilou et al. 2004). Our results suggest that two
independent activation pathways involving recognition respec-
tively of LPS and LTA are active in leech and similar to what is
observed in mammals (Macagno et al. 2006; Gemma et al.
2016), CyP is capable of downregulating the LPS pathway.

In conclusion, our data suggest that a TLR4-like molecule
is expressed by macrophages and granulocytes of leeches and
is up-regulated by LPS. After LPS triggering, there is an in-
duction of a pro-inflammatory response in innate immune
cells, as evidenced by the increase of a TNF-α-like molecule
expression, which can be specifically inhibited by the pres-
ence of TLR4 antagonist CyP. These results support the data
obtained by other investigators showing the existence of TLRs
in the genome ofmedicinal leech and highlight the presence of
a functional TLR4-like receptor mediating pro-inflammatory
response. Moreover, our data clearly showed for the first time
that not only LPS but also endogenous DAMPs (i.e., the
cytokine AIF-1), mainly produced after injury and grafts
(Schorn et al. 2015b), are linked to the activation of a TLR4
pathway. These data not only confirm the existence in leech
of a link between TLRs and chemotaxis factors both in pe-
ripheral and in neuroimmune systems (Schikorski et al.
2009) but also suggest that TLR1 and TLR4 could play a
conserved functional role in regulating the inflammatory
response.

Taken together, our results confirm once again that the me-
dicinal leech, well known as one of the few invertebrates highly
employed in surgical replantations and therapeutic applications
for human disease (Adams 1988; Heckmann et al. 2005;
Porshinsky et al. 2011), could represent an interesting and sim-
ple new alternative model to deciphering several physiological
and cellular mechanisms in more complex animals including
humans.
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