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A B S T R A C T

The circulating hemocytes of invertebrates are important mediators of immunity, and hemocyte homeostasis is
of high importance for survival and health of crustaceans. The prophenoloxidase (proPO)-activating system is
one of the most essential immune reactions, which can be activated by pattern recognition proteins from mi-
croorganisms. Activation of proPO by the proPO activating enzyme generates an N-terminal peptide, with
cleavage site after Arg176, as well as the active enzyme phenoloxidase, which is the key enzyme for melani-
zation. In the present study we demonstrate a role for the N-terminal proPO-peptide in hematopoiesis. Injection
of this proPO-peptide increased the number of circulating hemocytes and especially granular hemocytes. We also
show that the reactive oxygen species (ROS) production in the anterior proliferative center was enhanced after
proPO peptide injection, which is a prerequisite for rapid hemocyte release from the hematopoietic tissue.
Moreover, this peptide had an effect on ROS production in in vitro cultured hematopoietic cells and induced
spreading of these cells within 72 h. Taken together, our findings show a role of the N-terminal proPO peptide in
stimulation of hematopoiesis in crayfish, Pacifastacus leniusculus.

1. Introduction

Arthropods, such as crayfish lack an antibody based adaptive im-
mune defense and have to rely on an efficient innate immune system.
For this innate defense their circulating hemocytes play a crucial role.
The important role of crustacean hemocytes in defense against patho-
genic microorganisms has been deciphered in quite some detail during
the past decades (Cerenius et al., 2010b; Cerenius and Söderhäll, 2018).
As an initial response to an infection many hemocytes are consumed
and lost in the circulation, followed by a rapid recovery by release of
newly synthesized cells from the hematopoietic tissue (HPT) (Söderhäll
et al., 2003). This recovery is fast and due to both induction of pro-
liferation of stem cells in the HPT, and a rapid release of mature blood
cells from this tissue (for review see Söderhäll, 2016). The hemato-
poietic tissue in crayfish is located on the dorsal side of the stomach,
and contains lobes with densely packed cells at different developmental
stages (Chaga et al., 1995). These different stages of development have
been categorized by morphological criteria into at least five different
types corresponding to the developmental stages of granular cells (GCs)
and semigranular cells (SGCs) (Chaga et al., 1995), and later molecular
markers have identified these different hemocyte lineages (Söderhäll

and Junkunlo, 2019; Wu et al., 2008). A certain part of the HPT is
located at the anterior end and whose characteristic feature is a high
concentration of dividing cells, and this area is named as an anterior
proliferation center (APC) (Noonin et al., 2012). Increased levels of the
cytokine astakine in plasma after an infection is one known trigger for
this increase in hematopoiesis (Hsiao and Song, 2010; Li et al., 2016;
Söderhäll et al., 2005), and one mechanism for how astakine1 enables
hemocyte release from the HPT is by interfering with extracellular
transglutaminase activity (Junkunlo et al., 2017, 2016; Lin et al., 2008).
Prior to this release of new hemocytes there is a short rapid increase in
the production of reactive oxygen species (ROS) within the APC, and
this short ROS pulse is also correlated with a decrease in extracellular
transglutaminase activity (Junkunlo et al., 2016; Noonin et al., 2012).

Upon infection, the hemocytes act in different ways, such as by
phagocytosis, encapsulation and direct killing of intruders by the se-
cretion of antimicrobial peptides. However, the most important first
line of defense is the induction of the melanization cascade, the proPO
activating system (Cerenius et al., 2008, 2010c), that during activation
generates products that induce phagocytosis (Lin et al., 2007; Smith
and Söderhäll, 1983; Thörnqvist et al., 1994) encapsulation (Söderhäll
et al., 1984) as well as antimicrobial peptide synthesis through the Toll
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pathway (Kan et al., 2008). The proPO-activating system is found in
hemocytes and preferably in the granules of the so-called granular
hemocytes. Once an infectious agent is detected in plasma by pattern
recognition proteins (PRPs) such as beta-1,3-glucan binding proteins
(Duvic and Söderhäll, 1990; Söderhäll, 1981; Unestam and Söderhäll,
1977) or lipopolysaccharide-and glucan binding proteins (Lee et al.,
2000), the proPO-activating system is released by a regulated exocy-
tosis from the hemocytes and once outside the hemocytes the system is
activated by these microbial pattern recognition molecules (Johansson
and Söderhäll, 1985). This release is achieved by a similar mechanism
as caspase-1 induced inflammasome activation in mammals
(Jearaphunt et al., 2014), and caspase-1 is shown to cleave proPO into
two different fragments, which both have been shown to exhibit some
undefined bacterial clearance activity (Jearaphunt et al., 2014). The
caspase-1 cleavage of proPO generates apart from these N-terminal
peptides also an enzymatically inactive C-terminal part, and thus the
caspase-1 cleavage is suggested to have a regulatory function to avoid
overproduction of enzymatically active phenoloxidase (PO), which is
dangerous to the animal, since PO can produce toxic intermediates of
phenols and also oxygen radicals (Cerenius et al., 2010a; Söderhäll and
Ajaxon, 1982). Catalytically active phenoloxidase is produced as a re-
sult of cleavage by an activating serine protease (ppA) (Aspán et al.,
1995; Wang et al., 2001) and this activation produces a 20 kDa N-
terminal peptide with bacteria agglutinating, antibacterial and bacteria
clearing activity (Jearaphunt et al., 2014). The generation of a N-
terminal peptide after activation of proPO was shown as early as 1974
by Ashida and colleagues in the silk worm (Ashida et al., 1974), but the
full sequence of proPO and the generated peptide and exact cleaving
site was first shown for the crayfish Pacifastacus leniusculus (Aspán
et al., 1995; Wang et al., 2001). Moreover, the proPO-activating serine
protease, ppA is also a zymogen that is activated via a proteolytic
cleavage and the peptide generated from the N-terminal upon pro-ppA
activation has also been shown to have antibacterial activity (Wang
et al., 2001). So far, these two studies by Wang et al. (2001), and
Jearaphunt et al. (2014) are the only ones showing a biological effect of
the peptides generated from proPO-proteins during activation of the
proPO-activating system.

The proPO-activating system constitutes a proteolytic cascade,
which is activated by pattern recognition proteins as an immediate
response to infection. Already in the 1980ths, the similarities of the
proPO-system with the vertebrate complement system and its crucial
role in defense was noted (Söderhäll, 1982). Since then, some of the
components, such as C3, complement factor B (Bf) and mannose-
binding lectin-associated serine protease (MASP), of complement have
been detected in some invertebrate species, but in genomes available so
far, none of these are found in crustaceans or insects (Cerenius et al.,
2010c, 2010b). One similarity between complement and the proPO-
activation system is the generation of N-terminal peptides upon its
activation. During complement activation several peptides are pro-
duced, some of which has important functions in the recruitment of
blood cells (Lee and Ratajczak, 2009). The cleavage product C5a is
converted to the more long-lived desArgC5a by a carboxypeptidase, and
this product acts as a chemoattractant for granulocytes and enhances
the mobilization of hematopoietic stem and progenitor cells (Bujko
et al., 2017; Jalili et al., 2010). Further, the product C3a from the
cleavage of C3 also has an effect on hematopoiesis. Hematopoietic stem
and progenitor cells are shown to express a receptor for C3a, and the
binding of C3a to this receptor induces calcium fluxes in the cells and
indirectly affect hematopoiesis through potentiating other growth fac-
tors (Reca et al., 2003). In this study, we produced a recombinant N-
terminal proPO-peptide identical to the peptide generated after acti-
vation of proPO by the ppA and we demonstrated the effects of this
peptide on the hematopoietic process in crayfish.

2. Materials and methods

2.1. Animals

Freshwater crayfish, P. leniusculus, was purchased from Lake Erken,
Sweden. The animals were kept in aquaria in tap water with aeration at
10 °C. Only healthy and intermolt animals were used in the experi-
ments.

2.2. Expression and purification of recombinant peptides

Construction of the recombinant N-terminal proPO-peptide was
according to Jearaphunt et al., (2014) (22). The coding sequence for the
N-terminal proPO-peptide was inserted into the pET32a expression
vector. Escherichia coli strain Rosetta gami B (Novagen), and the re-
combinant protein was purified on Ni-NTA beads (GE healthcare). In
detail: E. coli cells were grown in LB medium containing 100 μg/ml
ampicillin, 30 μg/ml kanamycin, 34 μg/ml chloramphenicol and 10 μg/
ml tetracycline to OD600nm = 0.5. The expression was induced with
1 mM isopropyl-D-thiogalactoside for 6 h at 22 °C and then bacterial
cells were harvested. The cell pellet was suspended in 50 ml of lysis
buffer (8 M Urea, 20 mM sodium phosphate (pH 7.0) per 1 L of culture
volume. The cells were sonicated for 2 min, followed by centrifugation
at 3000×g for 15 min at 4 °C. Fusion proteins were allowed to bind
onto Ni-NTA beads and then were washed extensively with washing
buffer (20 mM imidazole, 20 mM sodium phosphate (pH 7.0) and
0.15 M NaCl). The fusion proteins were eluted with a gradient of elu-
tion buffer (20 mM sodium phosphate (pH 7.0) 0.15 M NaCl containing
different concentrations of imidazole at 100, 250 and 500 mM). The
eluted fraction of the purified proPO-peptide was dialyzed overnight in
50 mM Tris-HCl buffer (pH 7.0) at 4 °C. The Trx-tag peptide was de-
signed as a negative control sample. The resulting purified proteins
were separated on a reducing 15% SDS-PAGE and visualized with
Coomassie Brilliant Blue R250 staining. The concentrations of the
purified proPO-peptide and Trx were quantified by Bradford protein
assay and SDS-PAGE analysis.

2.3. Total hemocyte count

To investigate the effect of proPO-peptide injection on the total
hemocyte count (THC) and differential hemocyte count, hemolymph
was withdrawn from the abdominal hemocoel of experimental crayfish
by using a needle (18G) and immediately fixed in 10% formalin solu-
tion. The hemocyte number at 48 h before injection was determined as
a baseline value, then the animals were allowed to rest for 48 h before
peptide injection. The hemocyte number after injection of each crayfish
was then divided by the hemocyte number before injection, and the
value is reported as the relative hemocyte number.

2.4. Injection of recombinant peptides

Six to nine crayfish individuals (average weight at 35–40 g) were
used in the experiments. The recombinant proPO-peptide (150 μg/
crayfish) was injected into the base of the fourth walking leg of crayfish,
and the Trx peptide (150 μg/crayfish) was used as a control. The
amount of peptide used for injection was determined based upon a
preliminary experiment on the lowest concentration that could affect
bacterial agglutination in vitro (Jearaphunt et al., 2014), and then this
concentration was adjusted to the estimated volume of hemolymph
described earlier (Junkunlo et al., 2019). Then, hemolymph samples
were taken from each crayfish, and THC and granular cell (GC) and
semi-granular cell (SGC) numbers were determined at three, six and
24 h of post injections.
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2.5. 5-Bromo-20-deoxyuridine (BrdU) incorporation

The number of DNA synthesizing cells was determined by BrdU
incorporation. Crayfish were injected with 10 μL/g fresh weight of
50 mM BrdU in crayfish phosphate buffered saline (CPBS) (10 mM
Na2HPO4, 10 mM KH2PO4, 150 mM NaCl, 10 mM CaCl2 and 10 mM
MnCl2, pH 6.8), for 24 h before the animals were injected with the
recombinant proPO-peptide (150 μg/crayfish) or Trx (150 μg/crayfish).
At 6 h post injections, BrdU incorporation into hemocytes was de-
termined. Briefly, hemocytes were collected and immediately fixed
with 4% paraformaldehyde in phosphate-buffered saline (PBS, 137 mM
NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 2 mM KH2PO4 (pH 7.4)) for
1 h at room temperature. After three washes with PBS, the fixed he-
mocytes were treated with 2 M HCl for 30 min at room temperature,
followed by washing five times with PBST (0.5% Tween 20 in PBS
buffer) for 15 min each at room temperature. A mouse anti-BrdU (BD
Biosciences, USA) dilution at 1:50 in PBST was added and incubated
overnight at 4 °C. Next, unbound anti-BrdU antibody were removed by
washing five times with PBST and the cells were incubated for 1 h with
FITC conjugated anti-mouse IgG (1:300) (Life Technologies, USA).
Nuclear staining was performed using Hoechst 33258 dye at a con-
centration of 1 μg/ml. After washing away unbound anti-mouse anti-
body, the BrdU staining was observed under fluorescence microscope
(Leica DMIL LED). Negative control for staining was performed by using
the fixed hemocyte cells that were not treated with anti-BrdU, but only
with secondary antibody. Total cell number was counted from 5 to 6
images from each experimental sample by using image-J software, and
BrdU positive cells are reported as percentage of labeled cells.

2.6. proPO-peptide treatment of HPT cell cultures in vitro

The HPT cells were isolated as described previously (Junkunlo et al.,
2016; Lin et al., 2008). The isolated HPT cells were resuspended in L-15
medium (Sigma-Aldrich) supplemented with 1 mM phenylthiourea,
60 μg and 50 μg/ml penicillin/streptomycin, respectively (Sigma) and
50 μg/ml gentamicin (Gibco), and 2 mM L-glutamine. The cells were
subsequently seeded in 96-well plates at a density of 4 × 104 cells/100
μl/well. For treatment, HPT cells were cultured as previously described
and supplemented with L-15 alone or Trx (at 0.5 μM) as control or with
the proPO-peptide (at 0.1 or 0.5 μM). The cell morphology was then
observed at 24 h and then continuously for 7 days after treatment. One
third of the medium was changed every second day.

2.7. Detection of ROS production

To detect ROS levels in the tissue, the HPT and anterior proliferation
center (APC) were dissected 1 h post-injection of Trx or proPO-peptide
(150 μg/crayfish). Freshly prepared 5 mg/mL of 2′,7′-dichloro-
fluorescin diacetate (DCF-DA, Sigma) in DMSO was diluted with PBS
(1:1000), and the tissues were incubated for 15 min in darkness. The
tissues were then washed three times with PBS, then the fluorescence
intensity was detected using a microplate reader at an excitation wa-
velength of 485 nm and an emission wavelength of 535 nm. The results
were reported as fluorescence intensity per microgram of total tissue
protein. To detect the ROS levels in cultured cells, the HPT cells were
cultured at 3 × 104 cells/well in 100 μl. At 30 min post-treatment with
Trx or proPO-peptide at 0.1 μM, the cells were washed twice with PBS
at room temperature. The cells were then incubated with freshy pre-
pared DCF-DA solution, at dilution 1:1000 in PBS for 15 min in dark-
ness. After washing three times with PBS, the ROS level was determined
using a microplate reader as above. The fluorescence intensity of PBS
was used as baseline value. The fluorescence intensity was calculated as
the fluorescence intensity of the sample minus the baseline value.

2.8. Statistical analysis

For comparison of hemocyte number, BrdU incorporation and ROS
level between the proPO-peptide and Trx, a t-test was used, and the
results are expressed as combined scatter and boxplots. Differences
were considered statistically significant at p < 0.05.

3. Results

3.1. The proPO-peptide has bacterial agglutination activity

To investigate the function of the N-terminal peptide fragment
generated from proPO after cleavage by the prophenoloxidase acti-
vating enzyme (ppA) at amino acids between Arg176 and Thr177, a
recombinant proPO-peptide was produced in E. coli and purified as
earlier described (Jearaphunt et al., 2014). The molecular mass of the
recombinant fusion protein of proPO peptide (proPO peptide Trx-His)
was about 32 kDa, and it contains a Trx- and a 6x His-tag as shown in
Fig. 1, lane 1–3. For comparison, a histidine tagged thioredoxin fusion
protein (Trx) was used as a negative control (Lane 4–6, Fig. 1). We have
previously observed that this proPO-peptide exhibits antibacterial ac-
tivity, and ability to agglutinate bacteria (Jearaphunt et al., 2014). To
confirm this activity of the proPO-peptide we produced for these ex-
periments, we incubated purified recombinant peptides (the proPO-
peptide and Trx) with E. coli cells to determine the agglutination ac-
tivity. As shown in Fig. 1B, the proPO-peptide had a clear agglutinating
activity, whereas Trx had not (Fig. 1B). This result confirmed our earlier
results and thus the proPO-peptide was biologically active and could be
used in this study.

Fig. 1. Recombinant N-terminal proPO-peptide has agglutinating activity. (A)
SDS-PAGE analysis of expression and purification of recombinant N-terminal
proPO peptide, and Trx tag. Lane M, protein marker; lane 1 and 2, the ex-
pression of N-terminal proPO peptide before and after induction; lane 3, pur-
ified N-terminal proPO peptide; lane 4 and 5, the expression of Trx before and
after induction and lane 6, purified Trx. All samples were separated under re-
ducing conditions and 5 μg protein was loaded and separated by SDS-PAGE on
15% polyacrylamide gel and then stained with Coomassie Brilliant Blue. (B)
Bacteria agglutination assay. The Trx or proPO peptide was mixed with E. coli
suspension and incubated separately at room temperature for 1 h. Agglutination
of the bacterial cells was observed under the microscope.
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3.2. The proPO-peptide affects the number of circulating hemocytes

Since an infection may lead to loss of hemocytes, we decided to test
the effect of this proPO-peptide on new hemocyte production. Thus, the
total number of circulating hemocytes (THC) and differential propor-
tions of granular hemocytes (GC) and semigranular hemocytes (SGC),
respectively, were determined after injection of the proPO-peptide (150
μg/crayfish) as well as Trx (150 μg/crayfish) as a negative control. As
shown in Fig. 2A a rapid response was achieved after injection of the
proPO-peptide, since already after 3 h (p < 0.01 for THC and
p < 0.05 for GC) an increase in THC as well as GC was recorded that
lasted also at 6 h (p < 0.05 for THC and p < 0.01 for GC) when
compared to Trx injection (Fig. 2 A-B, and D- E). However, at 24 h post
injection, the number of hemocytes, both total and GC were back to
normal values, i.e. before injection (Fig. 2 C and F). During an infection,
the animal normally loses hemocytes, and then this loss is followed by a
rapid recruitment of new hemocytes from the HPT. In addition, the N-
terminal proPO-peptide is produced during activation of proPO fol-
lowing an infection and we here show that this proPO-peptide is in-
volved in new hemocyte production (Fig. 2). Interestingly, the pro-
portion of circulating GC was clearly increased by the proPO-peptide
compared to SGC (Fig. 2G–I). This result indicates that the proPO-
peptide generated after activation of the proPO system is involved in

the recruitment of granular hemocytes. The GCs are also the hemocyte
type, which contains most of the ProPO-system (Cerenius et al., 2008).

3.3. The proPO-peptide stimulates release of proliferating cells into the
circulation

To investigate the effect of the proPO peptide on hemocyte release
from the hematopoietic tissue, the incorporation of 5-Bromo-2′-deox-
yuridine (BrdU) was determined after injection of the peptide. At 6 h
post injection, the number of positive BrdU staining was higher in the
group injected with the proPO-peptide, when compared with the con-
trol group, Trx (Fig. 3). These results indicate that the presence of the
N-terminal proPO-peptide could induce DNA synthesis and immature
hemocyte release into the hemolymph from the hematopoietic tissue.

3.4. The proPO-peptide induces spreading of HPT cells in vitro

Since the proPO-peptide induced the release of new hemocytes into
the hemolymph, we decided to investigate how isolated HPT cells were
affected by the addition of this peptide in in vitro hematopoietic stem
cell (HPT) cultures. The addition of the proPO-peptide (at 0.1 or
0.5 μM) or Trx (at 0.5 μM), to HPT cells in vitro, did not affect cell
spreading after 24 h (Fig. 4 A, C, E and G). However, after 3 days in

Fig. 2. The N-terminal proPO-peptide af-
fects the total number of circulating hemo-
cytes. Total hemocyte count and differential
hemocyte number at 3 h (A, D and G), 6 h
(B, E and H) and 24 h (C, F and I) post in-
jection of the proPO-peptide (150 μg/cray-
fish) and Trx (150 μg/crayfish) as a control.
The THC and GC were counted and divided
by the number of THC and GC before in-
jection in each individual animal and re-
ported as relative number. The graphs re-
present combined box and scatter plots
from eight to nine crayfish and the bar re-
presents maximum and minimum of the
data set. *p < 0.05 and **p < 0.01; in-
dicate a significant difference compared to
the control.
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culture, the HPT cells were spread after addition of the proPO-peptide
at 0.1 as well as at 0.5 μM (Fig. 4 F and H), while no spreading was
observed in the Trx treated or culture medium treated cultured HPT
cells (Fig. 4B and D). Spreading of the HPT cells after treatment with
the proPO-peptide was retained during the whole observation period of
7 days (data not shown). This result indicates that the proPO-peptide
induces cell differentiation and possibly cell migration as also indicated
by the increase in THC (Fig. 2).

3.5. The proPO-peptide affects ROS production in the APC and in HPT cells
in vitro

In earlier studies, we have shown that a short pulse of reactive
oxygen species (ROS) production in the anterior proliferation center
(APC) of the hematopoietic tissue is essential for release of new he-
mocytes (Noonin et al., 2012), and that lowering the level of ROS could
reduce hemocyte release into circulation by maintaining hematopoietic
progenitor cells in the tissue (Junkunlo et al., 2016). Therefore, we
examined the effect of the proPO-peptide on the ROS level in the APC
and HPT in vivo, as well as in cultured HPT cells in vitro. The proPO-
peptide was injected into crayfish (150 μg/crayfish), and 1 h post in-
jection, an increase in ROS level was observed in the APC (p < 0.05),
but not in the HPT (Fig. 5A). However, interestingly we could observe
an increased thickness of the HPT tissue in the proPO-peptide injected
animals when compared to the Trx controls (Supplementary Fig. S1).
Although this is a preliminary observation it may indicate that an in-
creased proliferation of cells in the HPT occurred. In cultured HPT cells
(at 0.1 μM), the level of ROS increased rapidly 30 min after the addition
of the proPO-peptide, while the Trx control did not induce ROS
(p < 0.01) (Fig. 5B), confirming that the proPO peptide can affect ROS
production and provide the ROS pulse needed to induce an increase in
hematopoiesis.

4. Discussion

Innate immunity plays an important role in orchestrating the im-
mune response, and the proPO-activating system is known to be of
utmost importance in arthropod immune defense (Cerenius et al.,
2010c, 2008). Active PO induces conversion of phenols to melanin
pigments resulting in melanization of wounds and antimicrobial factors
produced. Once a microbe enter into the hemolymph, its outer cell wall
components such as LPS in Gram-negative bacteria or beta-1,3-glucans
in fungi induce release of the proPO-activating system from hemocytes
and the activation is triggered (Cerenius et al., 2008; Smith and
Söderhäll, 1983). The presence of microbial polysaccharides (such as
LPS or beta-1,3 glucans) within the hemolymph, also induces a rapid
drop in total hemocyte number and as a result new hemocyte synthesis
within the HPT is stimulated and is followed by a subsequent release of
new hemocytes into the circulation. The restoration of hemocyte
numbers to a normal state is usually completed in 6–24 h which indeed
indicates that it is a rapid response to an infection (Persson et al., 1987;
Söderhäll et al., 2003, 2005). During an infection several proteins are
released from hemocytes, among which is the hematopoietic cytokine
astakine1. Astakine1 has been shown to induce hemocyte release from
the HPT, partly by interfering with the enzyme transglutaminase and
the extracellular matrix (Lin et al., 2008; Sirikharin et al., 2017;
Söderhäll et al., 2005). Upon activation of the proPO activating system,
several peptides are generated through proteolytic cleavage and the N-
terminal part of proPO is one of these peptides (Cerenius et al., 2010c;
Jearaphunt et al., 2014). Therefore, we were interested to reveal
whether this peptide could have any function in regulating hemato-
poiesis. The number of hemocytes after proPO peptide injection was
clearly increased at 3–6 h and then restored to a normal level at 24 h.
This return to normal levels of hemocyte numbers after one to several
days after an injection or infection, is something that is commonly
observed and one reason is that there is an ongoing programmed cell

Fig. 3. The N-terminal proPO-peptide influences DNA synthesis. Incorporation
of BrdU into circulating hemocytes was estimated 6 h after injection of the
proPO-peptide or control injected with Trx. (A) BrdU positive cells (green) in
the Trx-injected group (150 μg/crayfish) (B) BrdU positive cells in the proPO-
peptide-injected group (150 μg/crayfish). Nuclear staining was performed with
Hoechst 33258 (blue). Hemocytes from each of six individual crayfish were
used in this experiment. (C) Percentage of BrdU positive cells 6 h post-injection
of proPO- or Trx-peptide. The graph represents combined scatter and box plots
from six crayfish individuals for each treatment, and the bar represents max-
imum and minimum values of the data set. ***p < 0.001; indicate a significant
difference compared to the control. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this
article.)
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death within the HPT that seems to regulate hemocyte homeostasis. We
have earlier shown a rapid decrease in apoptosis in direct connection
with hemocyte release, which is then followed by a rapid peak in
apoptosis in HPT cells when the circulating hemocyte number has
peaked (Söderhäll et al., 2003). There is also a possibility that one small
part of the decrease in the number of circulating hemocytes may be
caused by the fact that hemocytes are infiltrating tissues, and turn into
so called sessile hemocytes (Koiwai et al., 2018).

In insects, such as Drosophila and mosquitos, synthesis of melanin is
involved in pathogen encapsulation. Hemocytes and melanin are sur-
rounding the surface of the microorganisms and hinder an invading
pathogen at wound sites (González-Santoyo and Córdoba-Aguilar,
2012). The role of ROS production and antioxidants have been reported

in this process of encapsulation, and is accompanied by the formation of
the potentially toxic radicals such as semiquinone compounds
(Slepneva et al., 2003), hydrogen peroxide and superoxide anions
(Komarov et al., 2006; Nappi and Vass, 1998). However, a low level of
ROS production has been reported to be an important factor that is
required for stimulating the hematopoietic process in Drosophila as well
as in mammals (Prieto-Bermejo et al., 2018; Sardina et al., 2012;
Sinenko et al., 2012). An increased short pulse of ROS production
during hematopoietic differentiation has also been reported in the APC
in crayfish (Junkunlo et al., 2016; Noonin et al., 2012). In accordance
with this, we found that the presence of the antioxidant N-acetyl cy-
steine, which blocks ROS production results in a delay of hemocyte
recovery after LPS injection (Junkunlo et al., 2016). In this study we

Fig. 4. The N-terminal proPO-peptide induces cell spreading in isolated HPT cells in vitro. Cell morphology of cultured HPT cells was observed under light microscope
at day 1 (A, C, E, G) and day 3 (B, D, F, H) after treatment with the proPO-peptide (0.1 and 0.5 μM) or Trx (0.5 μM), or only L-15 medium. This experiment was
repeated with HPT cells from 3 to 8 individual animals for each treatment.
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further confirm a role for ROS in the hematopoietic process and show
that the proPO peptide induced ROS production in the APC with a
subsequent mobilization of hemocytes into the peripheral circulation.
Also in vitro the peptide could induce ROS production in cultured HPT
cells and this was further followed by an increased spreading of these
cells. We have shown earlier that a short ROS pulse is induced in the
APC area after injection of LPS and by other means to induce a rapid
increase in hemocyte production (Noonin et al., 2012). The effect in
HPT is not at all that pronounced even if proliferation is increased in
HPT as well, but the concentration of high ROS producing cells are
much lower compared to that of APC. However, when isolating HPT
cells for in vitro culture, cell proliferation and ROS production can be
stimulated more efficiently and direct, and as a result also rapid in-
duction of cell spreading occur. All together, these results show that the
proPO peptide plays an important role in inducing ROS production and
thereby regulating the number of circulating hemocytes.

In mammals, it has been demonstrated that hematopoietic stem/
progenitor cells (HSPCs) mobilization from bone marrow to peripheral
blood, is triggered by the innate immune response, in particularly by
components of the complement cascade (Lee and Ratajczak, 2009;
Ratajczak et al., 2018). Activation of complement includes the cleavage
of C3 and C5 resulting in the production of fragments that have been
shown to stimulate HSPCs mobilization into the blood (Jalili et al.,
2010; Lee and Ratajczak, 2009; Reca et al., 2003). The fragments, C5a
and desArgC5a, generated after C5 cleavage have a role in recruiting
inflammatory cells to the site of infection as well as in granulocyte
chemoattraction (Bujko et al., 2017; Jalili et al., 2010).

In crayfish, granular cells are the main storage of immune factors,
and the proPO activating system, that are secreted upon an infection
(Sricharoen et al., 2005), and this hemocyte type was also increased in
number after the injection of the proPO peptide. The vertebrate com-
plement system and invertebrate proPO activating system share simi-
larities and this link between innate immunity through the generated
peptides and hematopoiesis may be an evolutionary conserved me-
chanism (Lee and Ratajczak, 2009; Ratajczak et al., 2018; Söderhäll,
1982).

In vertebrates, tissue damage results in the formation of so-called
danger-associated molecular patterns (DAMPs), and induces comple-
ment activation (C3 and C5 cleavage fragments) via the lectin pathway,
and upregulation of the level of stem-cell cytokines such as stromal cell-
derived factor-1 (SDF-1) (Jalili et al., 2010), hepatocyte growth factor/
scatter factor (HGF/SF) (Tajima et al., 2010) and vascular endothelial
growth factor (VEGF) (Tashiro et al., 2014). One of these DAMPs is
Adenosine triphosphate (ATP), which is released from damaged cells
and then acts as a signal molecule by binding to purinergic receptors

and also activates the complement system and regulates mobilization of
HSPCs (Ratajczak et al., 2018). Interestingly, we have shown previously
that crayfish HPT cells generate ATP at their cell surface, mainly by
ecto-adenylate kinase activity, but also from extracellular ATP syn-
thase, the activity of which could be regulated by astakine1 (Lin et al.,
2009). However, whether there is a link between extracellular ATP and
activation of the proPO system as for complement activation in mam-
mals still remains to be tested.

5. Conclusion

Summary in this study, we show that the proPO activating system
plays a role in regulating hemocyte homeostasis through the released
proPO peptide, which stimulates the release of newly synthesized he-
mocyte into the circulation and thus links the immune response to
hematopoiesis.
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