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Abstract

Hemolymph coagulation is among the major arms of the humoral immune response in
crustaceans. According to the current model, hemolymph clotting in decapod crustacean
relies mostly on the polymerization of the plasmatic clotting protein (CP) which is
directly promoted by calcium-depended transglutaminase (TGase) released from
hemocytes upon microbial stimulus or injury. However, the type of hemocytes
containing TGase, and hence how the TGase is released, might vary among species.
Thus, we discourse here about possible mechanisms for clotting initiation. On the other
hand, the initiation of coagulation reaction in the absence of microbial elicitors is poorly
understood and seems to involve hemocytes lability, yet the mechanism remains
unknown. A cellular clottable protein called coagulogen, different to the plasma CP,
occurs in several species and could be related with the immune response, but the
biological relevance of this protein is unknown. It is also demonstrated that the clotting
response is actively involved in defense against pathogens. In addition, both TGase and
the CP show pleiotropic functions, and although both proteins are relatively conserved,
some of their physic-chemical properties vary significantly. The occurrence of
differences in the clotting system in crustaceans is conceivable given the high number
of species and their diverse ecology. Results from still non-studied decapods may
provide explanation for some of the issues presented here from an evolutionary

perspective.
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1. Introduction

The main function of the clotting system is the formation of a stable clot to seal wounds
preventing the loss of body fluids (i.e. maintaining hemostasis) [1]. In addition, the
coagulation reaction in invertebrates, along with the prophenoloxidase-activating
system (proPO system) and the production of antimicrobial peptides, is a key
component of the humoral arms of the innate immune response [1-3].

Blood clotting is probably the best-known biological system in vertebrates [4] and
consequently it has been thoroughly reviewed (See [5-7] for recent reviews). Its primary
role in maintaining vertebrate hemostasis has been widely documented [5]. Throughout
decades, new knowledge on vertebrate coagulation has been regularly incorporated into
different models. The clot formation has been largely explained by the coagulation
cascade model described in the 1960s. The clotting cascade is composed by trypsin-like
serine proteases and cofactors that lead to the formation of fibrin clots. The cascade is
divided into intrinsic and extrinsic pathways, which are initiated by different stimuli and
factors but converge on Factor X activation in a Y-shape scheme. Although the
coagulation cascade model is still used nowadays, it fails to explain several aspects of
vertebrate hemostasis and therefore has been often replaced by the Cell-based model
[7], in spite of the fact that both models for coagulation are relatively consistent through
vertebrates.

On the other hand, it has been stated that hemolymph clotting in the Phylum Arthropoda
shows high level of variation of clot components among different groups and even
within them, which is probably due to the extensive difference in their ecology [3].
Among arthropods, the coagulation process has been exhaustively studied in horseshoe
crabs (e.g. Limulus polyphemus) [2, 8, 9], which are marine ancient arachnids
(Subphylum Chelicerata). Hemolymph clotting in horseshoe crabs is based on a serine
proteinase cascade which is activated by microbe-associated molecular patterns
(MAMP) from the cell wall of microorganisms, such as lipopolysaccharides (LPS) from
Gram negative bacteria and $-1,3-glucans from fungi. All elements of the horseshoe
crab clotting cascade are in an inactive form or zymogens inside amebocytes granules.
The last component is the clottable protein, coagulogen, which is proteolytically
converted to insoluble coagulin gel composed of non-covalent homopolymers [10].
Likewise, the coagulation system has been extensively studied in insects (Subphyllum
Uniramia), and particularly in Drosophila, in which studies on mutants and lines with
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redundant mechanisms [11], but the detailed mechanism is still not completely
understood (for review see [12]).

From the Subphylum Crustacea, only decapods (Class Malacostraca, Order Decapoda)
have received significant research attention, probably due to their larger size and
economic importance when compared to other members of the group. It is noteworthy
that reviews dealing solely with the clotting system in decapod crustacean are only
found in the 1980s of the past century [13, 14]. Since then, the topic has been partly
included to a different extent in several reviews dealing with the immune response [2, 8,
15-17] or the clotting system [1, 3, 18, 19] in invertebrates. Moreover, in most of these
reviews the clotting mechanism of crustaceans is explained using the freshwater
crayfish Pacifastacus leniusculus model, since this species has been the most
extensively studied and has provided useful models for explaining the crustacean
immunity [20]. The economic importance of shrimp culture might explain the growing
number of studies dealing with shrimp immunity [21], including their clotting system
[22].

Thus, most knowledge about the clotting system in decapods comes from few species of
crayfish and shrimp, which seem to share a general clotting mechanism. While these
research efforts have significantly increased our understanding about the coagulation
process in crustaceans, the remarkable diversity of crustacean species and their habitats
might lead to the occurrence of species-specific differences. This review attempts to
provide an updated encompassing view of the clotting reaction and its functions in
decapods. We have highlighted differences among species and unanswered observations
that go beyond the useful models currently used to explain the clotting reaction in those
organisms. In order to do this, we reviewed studies from the 80"s which dealt with a
larger spectrum of crustacean species. Some of the observations in these studies such as
the biological significance of cellular coagulogen found in some crabs or the main
hemocyte type responsible for initiating the clotting reaction are still poorly understood.

2. The clotting process

2.1 Unequal interplay among cellular and humoral factors

As early as the beginning of the past century, Tait defined three mechanisms of
coagulation in crustaceans grouped as type A, B and C [23]. Group A is characterized
by the rapid agglutination of hemocytes without plasma clotting (e.g. the crabs
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network of hemocytes is enough to seal the wound, and clotted hemocytes are indeed
connected through polymerized fibers. Type B involves cell coagulation followed by
plasma coagulation (e.g. the lobster Homarus americanus, and the crabs Macropipus
puber and Carcinus maenas), and in type C, the hemocytes are rapidly lysed and the
plasma is clotted immediately resulting in low cell aggregation (e.g. shrimps and spiny
lobsters) [24, 25]. Some authors have proposed that type A might represent the most
primitive condition [26].

In the 80"s, Ghidalia suggested that the occurrence of the three coagulation patterns was
due to different concentration of CP, formerly named fibrinogen or plasma coagulogen,
among species belonging to each Tait’s category [27]. Thus, species exhibiting type A
coagulation contain the smallest amount of CP, those with type C have the most, and
type B has a middle concentration. Accordingly, in species with type A coagulation,
there is such a low concentration of CP that plasma clot formation is either not possible
or incomplete. The study concluded that the classification proposed by Tait was too
schematic as the same clotting process was present in all crustacean species evaluated
[27].

Ten years later, Hose and collaborators proposed a different explanation for the Tait
classification, which is rather related with the proportion of hyaline cells in the
hemolymph [25]. It is widely accepted that decapod crustacean hemolymph mainly
contains three types of hemocytes: hyaline, semi-granular and granular [25, 28, 29].
Hose observed a higher percentage of hyaline in Type C (50-70 % of total hemocytes)
species, while it is reduced from type B (34 %) to type A (19 %). Therefore, it was
suggested that the coagulation patterns described by Tait are not three different
mechanisms (i.e. type A, B or C), but represent a proportional response to the
percentage of hyaline cells. Such disparity on differential hemocyte counts among
crustaceans has been validated in more recent studies [30, 31].

Hose"s proposal to explain the different coagulation patterns observed in crustaceans
seems plausible since transglutaminases (TGase), the enzyme responsible for the
polymerization of CP, was apparently localized mostly in hyalines in several species
[24]. In addition, functional studies conducted at that time suggested that hyaline cells
initiate plasma clotting by cytolysis and release of cytoplasmic factors [14, 25, 28].
However, some controversy which is still unsolved, was already evident at that time

concerning whether hyalines or granular hemocytes trigger the coagulation reaction



[28]. Unfortunately, most studies about the classification pattern proposed by Tait dates
from the 80s and early 90s, and afterwards this issue has been barely addressed.

More recent studies have shown that TGase are located in both hyaline and semi-
granular cells in the spiny lobster P. japonicus [32], while in the freshwater crayfish
they occur in both semi-granular and granular [33]. In the shrimp L. vannamei, TGase
are mostly found in hyaline, although some gene expression has been also evidenced in
semi-granulocytes and granulocytes [34]. Other studies in shrimps confirm the
expression of TGase in hemocytes [35-38], but no attempts were made to identify the
hemocyte type having the higher TGase expression or activity. In general, it seems that
as in spiny lobsters [32], TGase in shrimp is mainly localized in hyalines [39], and
coincidently, both species belong to type C category. However, there is some variability
as few non-decapod crustaceans such as branchiopods contain only one type of non-
hyaline hemocytes [26], this perhaps is explained by the early divergence between the
linage giving rise to branchiopods and the linage of other crustaceans including
decapods such as shrimp, crayfish and lobster [40], or by different evolutionary
histories. Therefore, it is still not known whether it is the differences in CP
concentrations, the cellular type containing TGase, or both, what causes the hemolymph
clotting patterns described by Tait in crustacean.

According to the current model, which is mostly based on research findings in the
freshwater crayfish P. leniusculus, the clotting of hemolymph in crustaceans is
produced upon releasing of TGase from hemocytes and other tissues that, in presence of
calcium ions, promote the rapid polymerization of the plasmatic CP into long and
flexible chains that occasionally branch [2, 19, 41]. Due to the mere presence of both
purified CP and TGase are enough to produce a firm gel [19], it seems that conversely
to vertebrates and horseshoe crabs, the clotting process in crustaceans is likely to
involve a single stage. The first clue suggesting a one-stage clotting process was found
in the spiny lobster P. interruptus [42]. It was demonstrated that the N-terminal
sequence of the so-called fribinogen remain unchanged after clot formation, suggesting
that it was not previously digested by proteolytic enzymes. In addition, TGase from
outer species such as guinea pig [43] and humans (i.e., Factor XI11I) [44], were able to
clot the plasma of crayfish and crabs, respectively, with no other intermediates.

On the other hand, early studies reported the presence of a cellular coagulogen different
to the CP from plasma, for instance, in the hemocyte granules from the lobster Homarus

vulgaris, and in the hemocytes from the crab Ovalipes bipustulatus and the prawn



Sicyonia ingentis [13, 45]. The clottable factor from the hemocytes of the sand crab O.
bipustulatus is a 70 kDa single-chain protein containing disulfide bridges [46, 47]. This
coagulogen is hydrolyzed by trypsin, and clots after limited proteolysis with thrombin
combined with human factor XII1 and calcium, thus resembling the clotting process in
mammals, yet the meaning of this in vitro observation is unclear and probably
physiologically irrelevant. The crab coagulogen also differs from plasma CP typical
from crustaceans in total amino acid composition [48].

On the other hand, Séderhall and collaborators also found over twenty years ago that 3-
1,3-glucans and LPS directly induce coagulation of the hemocyte lysate of the
crayfishes P. leniusculus [49] and A. astacus [50], with no participation of plasma
components. Similar to the clotting process in horseshoe crabs, this reaction involves
serine proteases. However, conversely to the nature of the clot produced by plasma CP
in crustaceans and by the amebocyte lysate of horseshoe crabs, the clot produced in the
crayfish hemocyte lysate could be easily disrupted by shaking the test tube [43, 49]. The
biological meaning of this clotting response, if any, is still unknown and no further
studies about this process have been reported since then.

In addition, LPS or endotoxin induces the hemocyte lysate of the spider crab Maja
squinado to clot in a similar way as the horseshoe crab L. polyphemus [51]. In the
lobster H. vulgaris and the crayfish Astacus leptodactylus, a precipitation or clotting
reaction induced by LPS and -1,3-glucans was observed, but the presence of cellular
coagulogen was ruled out [52]. In the freshwater crab Sudanonautes africanus, LPS
activates components in the hemocytes that in the presence of calcium produce the
clotting of plasmatic proteins, probably the CP [53], which suggest the participation of
an unknown factor other than CP and TGase in the process.

LPS can induce clotting of amebocyte lysate of the snail Achatina fulica in a reaction
mediated by pattern recognition receptors and serine proteinases, which resembles the
horseshoe crab clotting reaction [54, 55]. LPS fails to induce hemocyte lysate clotting in
crustacean species that seems to contain cellular coagulogen such as O. bipustulatus
[46] and S. ingentis [45], and in other non-crustacean invertebrates also containing
cellular coagulogen such as the sea star Asterias forbesi [56]. It is worth mentioning that
administration of bacteria or their MAMPs into several crustacean species produce
intravascular coagulation (i.e., hemocyte clotting), leading to hemocytopenia,
incoagulable plasma and death [13, 57, 58].



It is noteworthy that no other reports regarding the occurrence of cellular clottable
protein in crustaceans has been made in the last years and the reasons behind are not
obvious from the literature. The lack of such information is probably because most
research efforts in crustaceans clotting have focused on a few crayfish and shrimp
species, or simply because the issue has not been addressed. Considering the high
variability and numbers of crustacean species, there is a need for further research to
clarify, in a broader range of crustacean species, whether the intracellular clottable
protein is present or not, and its biological significance.

Whereas there is a wide variation in the presence of “cell coagulogen” and its relation
with the response to microbial elicitors, the ability of plasma-free cell lysate to clot as a
direct and proportional response to the presence of microbial elicitors such as LPS and
-1,3-glucans has so far been truly demonstrated only in horseshoe crabs.

The clotting cascade of horseshoe crabs is used as a reagent for the in vitro detection
and quantification of LPS, a molecule widely known for its profound deleterious effect
on the human health when reaching systemic circulation [59]. The reagent and the assay
are known as Limulus Amebocyte Lysate (LAL), and the assay is claimed by most
regulatory agencies as part of the quality control needed for the approval and
commercialization of end-product pharmaceutical and biotechnological injectable
products.

It has been suggested that the proPO system in crustaceans is the counterpart of the
clotting system from horseshoe crabs, since they share remarkable similarities, though
the outcome differs [50, 60, 61]: a) Both systems are inside the cells and are released in
response to microorganisms, b) They are activated by minute amounts of microbial
elicitors through pattern recognition proteins, ¢) They are composed by enzymatic
cascades including trypsin-like serine proteases which are regulated by protease
inhibitors, d) They often require the presence of divalent cations for activity and e) The
final component of the cascade causes the biological response (e.g. clotting in horseshoe
crabs and melanization in crustaceans). In fact, we haven’t found a clotting system like
that from horseshoe crabs in lobsters (unpublished results), but we have proposed a
method for the detection of LPS, 1,3-B-glucans and peptidoglycan based on the proPO
activating system of Panulirus argus (US 2014/0356889 Al), which resembles several

features of LAL assay.



3. Main players of crustacean clotting reaction

3.1. Clotting Protein

The CP in crustaceans have no structural similarities with fibrinogen from vertebrates or
clottable proteins from other arthropods such as the coagulogen from Limulus, and thus
CPs from crustaceans represent a separated group of clot-forming proteins [2, 8, 41].
Therefore, past claims identifying fibrinogen as the protein responsible for clot
formation in crustaceans due to functional similarity are incorrect. The first mention of
the term “clotting protein” was by Horn and Kerr in 1969 to differentiate a clottable
protein found in the hemolymph of Callinectes sapidus, which occurs in similar
quantities in plasma and in serum, and therefore unlikely to correspond to fibrinogen as
considered in classical serology [27]. The CP is also named clottable protein [39] and
very high-density lipoprotein (VHDL) [62].

The first CP partially characterized in crustaceans was isolated from plasma of the spiny
lobster Panulirus interruptus [42, 63]. It is a lipoglycoprotein of 420 kDa composed of
two identical 210 kDa subunits covalently linked by disulfide bridges [64]. CP was then
thoroughly studied for first time in the freshwater crayfish P. leniusculus [41, 43]. Itis a
high-density lipoprotein comprising 1721 amino acids, which is also disulfide-linked
homodimers of 210 kDa subunits. The occurrence of CPs sharing similar amino acid
composition and N-terminal sequence was thereafter described in the white shrimp
Penaeus vannamei [48, 65], the pink shrimp Farfantepenaeus paulensis [37], the sand
crayfish Ibacus ciliatus [66], the tiger shrimp Penaeus monodon [39, 67], the kuruma
prawn Marsupenaeus japonicus [65] and the Chinese shrimp Fenneropenaeus chinensis
[68].

CPs from related marine penaeid shrimps seem to have similar properties, and their
genes are apparently highly conserved [65]. For instance, similarity of CP sequence
from the M. japonicus and P. monodon is 80 %, although CPs from penaeid shrimps
differed from those in freshwater crayfish (38 % similarity) [65]. This divergence is
expected as penaeid shrimps early diverged during decapod evolution and thus, are
distant from more recent groups such as crayfish and lobsters [69]. In agreement with
these evolutionary considerations, the CP in crayfish contains 20 % sugar (six potential
Asn sites), whereas in P. monodon is lower (3.8 % with four potential Asn sites) [67]. In
addition, through immunodiffusion experiments, it has been found that polyclonal
antibodies rose against CP from P. monodon cross-react with CP from M. japonicus,
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differences were also evidenced as CP from P. leniusculus and P. interruputs
precipitated from whole plasma by isoelectric precipitation at pH 6 and low ionic
strength, but the same condition has no effect on CP from P. vannamei [48].

CP subunits can be divided into a N-terminal vitellogenin-like domain 1 (around 80
amino acids residues), which is rich in Lys residues, and a C-terminal long vitellogenin-
like domain 2 rich in GlIn residues [70]. The C-terminal or the vitellogenin domain 2
includes a cysteine-containing stretch with a sequence similar to the D domain of the
von Willebrand factor, a 250 kDa protein involved in blood coagulation of mammals
[41]. Each CP subunit could provide at least one Lys and one Gln residue available for
cross-linking by TGase [19, 70]. During the polymerization process, the CP assembles
into long and flexible chains with occasional branch points, where each CP subunit
interact at localized points instead of interacting through large surfaces [19, 41].

It is worth mentioning that proteins containing fibrinogen-related domains have been
identified in numerous non-crustacean invertebrates, where they are related with
defense against pathogens and other biological functions but not with coagulation,
suggesting that the role of fibrinogen as a clottable protein in vertebrates arose more
recently [71]. In crustaceans, proteins containing a fibrinogen-like domain have been
identified in the melanization inhibition protein (MIP) from the crayfish P. leniusculus
[72] and P. monodon [73]. This protein is implicated in the regulation of the
melanization reaction promoted by the proPO system, for which the fibrinogen-related
domain is essential. In addition, fibrinogen-like domains are in two novel ficolin-like
proteins from P. leniusculus [74], and in the C-terminal domain of a calcium-dependent
lectin (MjFREP1) from Marsupenaeus japonicus, a protein involved in the immune
response [75].

Instead, CP sequences from crustaceans are homologous to vitellogenins, indicating that
they are evolutionary related families [41], probably by divergent evolution [65], but
they should not be considered as true vitellogenins since they completely have different
functions. Besides, vitellogenins are expressed only in females of egg-laying animals,
whereas CPs are constitutively expressed in both sexes [41]. Finally, conversely to other
major plasma proteins such as hemocyanin and -1,3 glucan binding protein (BGBP),
which are synthetized in hepatopancreas [76-79], CP seems to be mainly produced in
other tissues like the gill, the central nerve system, the lymphoid organ and the heart
[65, 67, 80], although in some species it is also expressed in the hepatopancreas [41],

but to a lower extent [67]. The effects of the variation of CPs among crustaceans in



terms of quantity, molecular structure and functional properties on the coagulation

process are still not completely understood.

3.2. Transglutaminases

TGase (EC 2.3.2.13) are calcium-dependent enzymes that catalyze acyl transfer
reactions, which in the absence of small molecular weight amines, promote the
formation of e-(y-glutamyl)lysine bonds between the y-carboxyl group of a glutamine
residue in one polypeptide chain and the €-amino group of a lysine residue in a second
polypeptide chain, thus promoting the cross-linking of proteins [81, 82]. TGase actively
participate in coagulation in both invertebrate and vertebrates, although at different
stages [1], and it might constitute the basis for the coagulation process in the animal
kingdom [44]. Crustacean TGases involved in hemolymph coagulation do not exist as
proenzymes, instead they are latent inside the cells [83], where they are probably kept
inactive due to the low calcium concentration and the high GTP content in this
compartment, as previously described for cytoplasmic TGase 2 from mammals [84].
TGase become activated with plasma calcium upon releasing from the cells [82, 83].
The calcium binding of TGase is required to unmask the cysteine residue in the active
site, and also to induce important conformational changes that expose key residues
engaged in the control of substrate access to the binding site [83, 85]. It was recently
found that astakine, a hematopoietic cytokine from crayfish, is a competitive inhibitor
of crayfish TGase and reduce TGase-mediated CP crosslinking, which represent a novel
control of TGase activity in crustaceans probably involved in regulating hematopoiesis
and wound healing [86].

The first TGase characterized in crustaceans were from P. leniusculus, where they are a
protein of about 86 kDa [33]. Subsequently, it has been characterized in the shrimps P.
monodon and M. japonicus [35, 36, 87], F. chinensis [38], L. vannamei [34] and in the
prawn Macrobrachium rosenbergii [88].

In shrimps, two types of TGase were identified, which accordingly to phylogenetic
analysis can be separated into two groups, Type | and Type Il [35, 36, 89]. The
expression of TGases can be modulated by microbial stimuli and its expression level is
related with success against microbial infections [22]. The Type Il TGase described in
L. vannamei [89] and P. monodon [36] seems to be the one most engaged in

hemolymph coagulation.



Primary sequence comparison reveals significant homology among TGase from
crustaceans and to a lesser extent with TGase from other arthropods and vertebrates [33,
34, 88, 89]. Amino acid residues in the catalytic regions are fully conserved and the
residues comprising the calcium-binding site share significant homology. In addition, a
variable number of RGD (Arg-Gly-Asp) motifs are present in most crustacean TGase
[34, 65, 88, 89], and their positions are markedly conserved across invertebrates [87].
The RGD motif is present in most ligands that bind to integrin receptors [90], and is
probably implicated in cell adhesion, cell migration and extracellular matrix adhesion
[91, 92]. Thus, different to CP, which appear to show greater variation among

crustaceans, TGase are more conserved within arthropods.

4. Initiation of the clotting response

The coagulation reaction takes place immediately upon TGase release from hemocytes,
which seems the limiting step. Even though the releasing mechanism is still unknown
[16], some findings might offer clues about TGase transport to the extracellular space,
whose could also help direct future research efforts in this field. TGase from vertebrates
and invertebrates lacks a signal peptide (i.e. they are leaderless proteins) [35, 83], and
therefore cannot be secreted by the classical secretory pathway of proteins [93]. In
addition, TGases involved in hemolymph clotting in crustaceans are located in the
cytoplasm [38, 87, 88]. Cytoplasmic proteins lacking a signal peptide that functions
outside the cells are transported into the external milieu through the so-called
unconventional protein secretion (UPS) system [93, 94].

A recent study in Drosophila showed that TGase-A, the TGase probably related with
hemolymph clotting, is secreted by UPS through an exosome-dependent secretion
pathway mediated by two sequential fatty acylations [95]. It was also found that TGase-
A was secreted in response to calcium signaling and uracil, a pathogenic bacteria-
derived substance. However, MAMP such as lipopolysaccharides and peptidoglycans
fails to induce TGase-A secretion.

In addition, from the nine families of TGase from mammals, TGase 2 is the one found
in the cytoplasm [96]. TGase 2 can be secreted by different UPS mechanisms such as
exosome [97], endosome [98], and membrane pore formation [99]. The occurrence of
different UPS mechanism could be related with the conditions triggering their release
and the cell type [94].



Therefore, considering all the stated above, it is tempting to speculate that TGase from
crustacean hemocytes could probably be secreted through as yet unidentified UPS
pathway.

On the other hand, it has been suggested that secretion of TGase is likely to be
accomplished concomitantly with the proPO system and other humoral factors induced
by microbial elicitors or injury [2, 15, 17, 60, 91]. Most knowledge about the activation
and development of both the proPO and clotting system in crustaceans has been
uncovered by Séderhéll and collaborators in the freshwater crayfish P. leniusculus.
But before go any further, it is important to know that conversely to insects, where the
relationship of the proPO system and coagulation is evident [11, 100], this relationship
is unclear in crustaceans. In addition, the proPO zymogen is a cytoplasmic leaderless
protein that is released by an unknown UPS mechanism, probably involving caspase-1
activity [101], or another pathway that remains to be elucidated. Other humoral
components of the proPO system are stored in secretory granules and are released by
exocytosis [101, 102]. Both protein releasing processes should coincide temporarily and
might involve similar signaling mechanisms/molecules. Concomitant release of proPO
and the other proPO system components through a separate route was previously
suggested [103]. On the other hand, TGase from horseshoe crabs are released from
cytoplasm in response to LPS by an unknown mechanism, which do not involve cell
lysis; in addition, LPS also induces secretory granule exocytosis [104].

Therefore, we could plausibly assume that TGase release to the external milieu is
accomplished along with proPO zymogen by UPS, yet experimental evidences are
needed. In addition, it would be interesting to known whether both proteins use the
same mechanism. Alternatively, TGase could be secreted concomitant with the
hyperpermeabilization of the plasma membrane which precedes cell lysis, as occur for
IL-1R in macrophages [94].

Figure 1 depicts a proposal for the mechanism for clotting process based on the
hypothesis described above, and in a wealth of groundbreaking papers that have shed
light about the activation and development of the proPO system and the clotting
response in P. leniusculus.

In this species, TGase is located in semi-granular and granular cells. LPS and -1,3-D-
glucans induce degranulation by exocytosis of SGC [105], leading to the release of
proPO system [17]. In this stage, cytoplasmic proPO zymogen is released [101], and
probably also TGase.



Among the released factors is peroxinectin, a 76 kDa cell-adhesion protein that in
addition to other biological functions, induce degranulation of SGC and GC [91, 106].
Peroxinectin is released as inactive protein from SGC and GC [107], and gains its
activity by proteolysis promoted by the prophenoloxidase activating enzyme (ppA), a
trypsin-like protease from the proPO cascade [108]. The ppA occur as zymogen and it is
activated by microbial elicitors.

In addition, B-1,3-glucan-binding protein (BGBP) from plasma is activated upon
binding to B-1,3-D-glucans, and the complex is then bound to receptors in SGC and GC
promoting further degranulation [17]. Such processes involve signaling pathways with
protein kinase C and tyrosine phosphorylation [109]. However, it is not known whether
the degranulating promoting activity exerted by peroxinectin and activated BGBP, may
induce further releasing of TGase from cytoplasm, and hence, to burst the clotting
response. Since both proteins act through the same receptors (Figure 1) [106, 110, 111],
it is reasonable to expect that if any increase on TGase release happen, it would occur
through a similar mechanism.

Finally, considering the apparent analogies suggested between the activation of the
proPO system and the clotting response, it would be also plausible to suggest that
activation of hemocytes and initiation of the clotting process could be mediated by
similar intracellular signaling pathways [109] and molecules, such as soluble and
membrane-bound pattern recognition receptors [17, 20, 112]. Other immune effectors
such as lectins might be also involved. Future investigations are needed in order to
address all these questions, which would also help to shed light about the relationship
between the proPO system and the clotting response in crustacea.

Despite the usefulness of the freshwater crayfish model to comprehend these processes,
it is evident that even among the few species studied some model deviations are noticed,
mostly in the initiation stage, which is driven by the hemocyte type related with TGase
release.

For instance, as stated earlier in this paper, in penaeid shrimps and probably in other
species belonging to the type C coagulation mechanism, TGase is located mostly in
hyaline cells from which are probably released by cell lysis. Hyaline cells are
remarkably labile cells, insomuch that were named long ago as “explosive corpuscles”
[14]. The mechanism leading to hyaline cell lysis is unknown. In the spiny lobster P.
japonicus, granulocytes are the first cells to respond to Gram negative bacteria and LPS

[113, 114], in this case, secretory granule exocytosis leads to the release of unknown



mediators that bring about clotting and lysis of semi-granulocytes and hyaline cells. In
insects, it has been identified several signaling pathways and receptors involved in the
lysis of relevant hemocytes and the release of humoral proteins, such as cytoplasmic
proPO [115-117]. In these species cells lysis can also occur in the absence of microbial
elicitors through endogenous mediators [115].

Conversely to vertebrates, where the activation of the clotting reaction in the absence of
microbial elicitors is well known to occur through the Tissue Factor from the extrinsic
pathway [118], this process is barely understood in crustaceans and other invertebrates.
Clotting activation in P. japonicus and other species can also be achieved in the absence
of microbial elicitors (see [32] and references therein). In this case, it has been found
that an unknown cytolytic factor from P. japonicus plasma rapidly induces the lysis of
semigranular and hyaline cells in the presence of calcium leading to TGase releasing.
The activation, regulation and the nature of the lytic factor(s) from plasma of spiny
lobsters are still unknown. On the other hand, it has been recently found that LPS and
other MAMPs induces the release of endogenous mediators from the hemocytes from
shrimps, which in turn induces degranulation/lysis of the hemocytes among other
immune responses [119]. Such endogenous mediators are composed by damage-
associated molecular patterns (DAMPSs) and other molecules, but the components
responsible for the hemocyte response are yet to be identified.

Finally, how other factors affecting hemolymph homeostasis such as ionic strength and
composition, which might also arise upon injury, influence hemocyte activation or lysis

would require further studies.

5. Pleiotropic functions of clotting system components.

TGase were firstly recognized for its primary role in blood coagulation, but it is known
that they are implicated in many other essential biological processes such as post-
translational modification of proteins, hardening of fertilization envelope and
extracellular-matrix assembly, just to mention a few [83]. It has been described that
TGase are involved in the regulation of immune-related genes in shrimps, especially
antimicrobial peptides [120], while in freshwater crayfish and shrimp they are related
with hematopoiesis [35, 121, 122]. Type 1l TGase from shrimps seems to be also
involved in the regulation of carbohydrate metabolites [123]. It has been highlighted

that whereas the human genome contains eight members of the TG family to fulfill the



multiple functions of this enzyme [1], only one or two genes have been found in
crustaceans up to date [19].

On the other hand, in addition to their main role as a clottable protein, crustacean CPs
are also involved in lipid transport [62, 66, 124, 125], and hence included as part of the
large lipid transfer protein (LLTP) superfamily responsible for circulatory lipid
transport in animals [126]. It has been recently found that CP is a component of the
extracellular matrix (ECM) proteins in the hematopoietic tissue of P. leniusculus, where
it probably functions along with collagen, TGase and astakine 1 in controlling
hematopoietic stem cell behavior [127]. In addition, CP is a possible nutritional source
for shrimp embryo [128], and in the white shrimp P. vannamei shows peptidase activity
under specific conditions [129], although the physiological meaning of such activity
remains unknown.

5.1 Clotting and immune response

Hemolymph coagulation is mostly related with the immune response. The clearest
evidence that relates clotting with immunity in crustacean and other arthropods is that
the extracellular clots provide a physical barrier to the wound site that prevents
microbial entrance to the hemocoel, and to entrap invading microbes avoiding their
systemic dissemination [1, 3]. This defense response is more relevant in arthropods than
in vertebrates since they have an open circulatory system that implies higher risk for
spreading microbial infection through the body cavity [1]. Likewise, the invertebrate
body allows extensive clotting without the threat of thrombosis because disseminated
coagulation is more harmless than in vertebrates [3].

Armstrong has pointed out that the presence of fibrinolytic protease systems as essential
virulence factors for a broad variety of pathogens is an indirect evidence for the role of
the clot in immunity [130, 131]. The host has evolved to find ways to counter the
microbial strategy. For instance, macroglobulin from the shrimp P. monodon is a
suitable substrate for TGase and is cross-linked to CP in the clot where it inhibits
proteases secreted by the entrapped pathogens, thus avoiding their dissemination [132].
Soderhéll and associates previously suggested the same process in freshwater crayfish
[33]. The active participation of the clot in immunity has been recently demonstrated by

its ability to capture and immobilize LPS [131].



6. Concluding remarks

Hemolymph clotting is a lifesaving response mostly because it prevents loss of
hemolymph and maintains homeostasis. In addition, the clotting response in arthropods
is actively involved in the immune response, as aid immobilization of microorganisms
and their MAMP preventing their dissemination and facilitating their inactivation.
Hemolymph coagulation in crustacean has been largely explained using the freshwater
crayfish model (Fig. 1). Coagulation take place upon TGase release from hemocytes,
which in presence of plasmatic calcium, promotes polymerization of the clotting protein
with no additional intermediates. Both TGase and CP are multifunctional proteins
engaged in other essential processes.

Although an increasing number of relevant studies are noticed in several shrimp species,
the number of crustacean species studied is still limited. It has been recently highlighted
the large quantity and diversity of crustacean species, and in addition, the great care that
scientist should consider before stating general conclusions about certain biological
process explained based on results obtained in a limited group of species [29].
Following this logical thought, it is conceivable the occurrence of certain degree of
variation in the clotting response mechanism and its components among crustacean
species. For instance, we identified differences in physic-chemistry properties among
several clotting proteins. In addition, there are species containing cellular clottable
protein, such as O. bipustulatus, but this protein is absented in many other. Most studies
describing the occurrence of cellular coagulogen, which in some species seems to be
related with the immune response, are really ancient. Thus, it would be interesting to
confirm the existence and role of this protein in the clotting response using modern
biology tools in a larger number of species.

It is remarkable that the participation of TGase in the clot formation has been conserved
during evolution (from insects to mammals). TGase from crustacean shares similarities
in sequence and properties such as the lack of a signal peptide and their location in the
cytosol. However, the hemocyte type carrying TGase varies among crustacean species,
which might lead to variations on how TGase is released and hence in clotting initiation.
Considering the limited available information, it is tempting to suggest that in species in
which TGase is mostly located in semi-granulocytes and granulocytes, TGase is
released concomitant with the proPO system through an unknown unconventional
protein secretion system. On the other hand, in those cases where TGase is mostly

found in hyaline cells, it is probably released by rapid cell lysis as occur in insects for



other leaderless cytosolic proteins that function in the external milieu (e.g. proPO
zymogen), yet the mechanism engaged in cell lysis in crustaceans is still unknown.
Further studies are required to elucidate the mechanisms and signaling pathways behind
TGase releasing, which might represent an exciting niche for novel research in this
field.

Figure Caption

Figure 1. A model for the initiation and development of the clotting response in the
freshwater crayfish P. leniusculus. Transglutaminase (TGase) is located in semi-
granular (SGC) and granular cells (GC). Microbial elicitors such as B-1,3-D-glucans
(BG) directly induce degranulation of SGC and thus the releasing of proPO system
components and other humoral factors. At this stage, leaderless cytoplasmic proteins
such as proPO zymogen and TGase are probably released through an unknown
unconventional protein secretion (UPS) system. Among the released factors by
exocytosis is peroxinectin, a 76 kDa protein able to promote degranulation of SGC and
GC. Peroxinectin is released as inactive protein from SGC and GC (pro-peroxinectin),
and acquire its activity by limited proteolysis promoted by the prophenoloxidase
activating enzyme (ppA), a trypsin-like proteinase from the proPO cascade. The ppA
also occur as zymogen (pro-ppA) and is activated by microbial elicitors. In addition, B-
1,3-glucan-binding protein (BGBP) from plasma is activated upon binding to BG, and
the complex is then bound to receptors in SGC and GC promoting further
degranulation. Both peroxinectin and BG-BGBP complex triggers the degranulation
response in SGC and GC upon binding to a 90-kDa peripheral cell surface superoxide
dismutase receptor (CuZn-SOD) and to a transmembrane integrin protein. Finally,
TGase is activated in the plasma by calcium and promotes the polymerization of the

clotting protein (CP).
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