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Abstract: The widespread resistance to antibiotics in pathogenic bacteria makes the development
of a new generation of antimicrobials an urgent task. The development of new antibiotics must
be accompanied by a comprehensive study of all of their biological activities in order to avoid
adverse side-effects from their application. Some promising antibiotic prototypes derived from
the structures of arenicins, antimicrobial peptides from the lugworm Arenicola marina, have been
developed. Previously, we described the ability of natural arenicins -1 and -2 to modulate the human
complement system activation in vitro. In this regard, it seems important to evaluate the effect of
therapeutically promising arenicin analogues on complement activation. Here, we describe the
complement-modulating activity of three such analogues, Ar-1[V8R], ALP1, and AA139. We found
that the mode of action of Ar-1[V8R] and ALP1 on the complement was similar to that of natural
arenicins, which can both activate and inhibit the complement, depending on the concentration.
However, Ar-1[V8R] behaved predominantly as an inhibitor, showing only a moderate increase in
C3a production in the alternative pathway model and no enhancement at all of the classical pathway
of complement activation. In contrast, the action of ALP1 was characterized by a marked increase in
the complement activation through the classical pathway in the concentration range of 2.5–20 µg/mL.
At the same time, at higher concentrations (80–160 µg/mL), this peptide exhibited a complement
inhibitory effect characteristic of the other arenicins. Peptide AA139, like other arenicins, exhibited
an inhibitory effect on complement at a concentration of 160 µg/mL, but was much less pronounced.
Overall, our results suggest that the effect on the complement system should be taken into account in
the development of antibiotics based on arenicins.

Keywords: antibiotics; antimicrobial peptides; arenicins; complement system

1. Introduction

Nowadays, the problem of resistance development of pathogenic microorganisms to
conventional antibiotics has become increasingly serious [1]. In light of this problem, the
task of searching for prototypes of a new generation of antibiotics is urgent for modern
medicine. Natural antimicrobial peptides (AMPs) can be a promising source of novel
antibiotics [2,3]. AMPs are short, predominantly cationic polypeptide molecules that
possess toxic activity against bacteria and other pathogens. They have been described in
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virtually all forms of life and exhibit a great structural diversity, allowing for the most
effective peptides derived from bacteria, plants, fungi, invertebrates, and vertebrates
including humans to be selected as templates for antibiotic development [4]. Marine
organisms were found to be an important source of AMPs [5–7]. In particular, arenicins
from the lugworm Arenicola marina have attracted much attention [8]. Structurally, arenicins
belong to the group of β-hairpin peptides, which are characterized by high therapeutic
potential [9,10]. There are three isoforms in total: arenicin-1, -2 [11], and -3 [12] (Ar-1, -2,
-3). These cationic peptides consist of 21 amino acid residues and contain one (Ar-1 and -2)
or two (Ar-3) intramolecular disulfide bonds. Ar-1 and Ar-2 differ in the single amino acid
residue, while the sequence of Ar-3 is more different (Figure 1).
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Figure 1. Amino acid sequences of the three natural arenicins and three analogues studied in this
work. The color coding is as follows: blue, differences in primary structure of natural arenicins, taking
Ar-1 as the reference; red, amino acid substitutions or deletions (indicated by the “–” symbol) in
Ar-1[V8R] and ALP1 compared to Ar-1; purple, amino acid substitutions in AA139 compared to Ar-3.
Cysteine residues are highlighted in yellow. Two invariant cysteines are involved in the disulfide
bond common to all arenicin peptides and are shown by the solid black line in the upper part; the
disulfide bond shared only by Ar-3 and its analogue, AA139, is shown by the dashed line in the
bottom. All peptides have an unmodified amine and carboxyl at the N- and C-terminus, respectively.
Some physicochemical properties of the peptides (net charge at pH 7.0 and hydrophobicity as the
GRAVY index) are shown on the right.

One of the limitations of the application of AMPs as antibiotics is the possible side
effects. The biological activity of AMPs is not limited to their action on microorgan-
isms; these peptides can exhibit cytotoxic activity against host cells, display a variety of
immunomodulatory effects, and participate in the pathogenesis of various diseases, for
example, autoimmune diseases [13–16]. Since AMPs are considered as prototypes of a
new generation of antibiotics, a comprehensive study of the possible consequences of their
introduction into the human body including their immunomodulatory effects is neces-
sary. Among the immunomodulatory effects of AMPs, one should take into account their
influence on the activation of the complement system.

Complement is part of the innate immune system, which can be activated by one of
three pathways: the classical pathway (CP), the alternative pathway (AP), and the lectin
pathway. Complement contributes to defense against infection by opsonizing microbes
with C3b, C4b, and their derivatives; by production of anaphylatoxins, C3a and C5a, which
attract and activate phagocytes; and by the direct lysis of Gram-negative bacteria by the
membrane attack complex (C5b-9) [17–19].

Previously, we found that Ar-1 and -2 as well as Ar-1-(C/A), an arenicin-1 analogue
devoid of a disulfide bond due to cysteine substitutions with alanine, are able to modulate
complement activation [20,21]. All three peptides affect both the classical and alternative
pathways (CP and AP) of complement activation. The aim of this work was to evaluate the
effect of three arenicin analogues (Figure 1), which were designed to improve the properties
important for their potential as antibiotic drug progenitors.
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The Ar-1[V8R] peptide differs from Ar-1 by only one amino acid residue (arginine
instead of valine in position 8), but compared to natural arenicins, it exhibits a low dimer-
ization ability in the lipid environment, which seems to largely determine the cytotoxic
properties of arenicins [22,23]. The ALP1 peptide is a shortened Ar-1 analogue with reduced
hydrophobicity compared to natural peptides [24]. The AA139 peptide has been developed
by Adenium Biotech based on the Ar-3 sequence with three amino acid substitutions,
making the peptide less hydrophobic and more positively charged [25]. The AA139 peptide
is currently in preclinical development.

All of these three arenicin analogues showed an increased selectivity of action (high
antibacterial and low cytotoxic activity) compared to their natural prototypes. In particular,
Ar-1[V8R] exhibited bactericidal activity comparable or even slightly higher than that of
natural Ar-1, but an order of magnitude higher concentrations of Ar-1[V8R] were required
for similar levels of human erythrocyte lysis and cytotoxic action on human embryonic
fibroblasts compared to Ar-1 [23]. ALP1 showed approximately a twofold increase in the
antibacterial activity compared to Ar-1 with negligible cytotoxic activity toward various
human cells (erythrocytes, embryonic fibroblasts, normal astrocytes) [24]. AA139 was non-
toxic to four human cell lines, although Ar-3 showed a weak cytotoxic activity against three
of them. For equal hemolytic activity toward human erythrocytes, an order of magnitude
higher concentration of AA139 was required compared with Ar-3. However, in terms of
antimicrobial activity, AA139 was several times more effective than Ar-3 [25,26]. Such
differences in the activity pattern can be explained by the greater selectivity of AA139 to
highly negatively-charged membranes characteristic of bacterial cells [26]. The AA139
peptide is also highly resistant to the inhibitory action of blood serum, in contrast to
Ar-3 [25].

In this work, we investigated the immunomodulatory effects at the level of the com-
plement system of these three arenicin analogues. by using recombinant peptides. We
demonstrated that these arenicin analogues are able to affect the complement system
activation in vitro.

2. Results

In this study, the peptides ALP1, Ar-1[V8R], and AA139 were produced as a part of
the fusion proteins that included an octahistidine tag and modified thioredoxin A (M37L).
The proteins were expressed in Escherichia coli BL21 (DE3) cells, and the obtained total cell
lysates were fractionated by affinity chromatography. After the purification and cleavage
of the fusion proteins, reverse-phase high performance liquid chromatography (RP-HPLC)
was used to isolate mature AMPs. MALDI mass spectrometry analysis of recombinant
AA139 showed that the measured m/z value matched that of the calculated molecular
mass of the corresponding peptide, indicating the formation of two disulfide bonds and
the absence of any other modifications (Figure S1). More evidence that all of the cysteine
residues are involved in disulfide bridging was obtained from the alkylation experiment
(Figure S2). After the repurification step (Figure S3), the final yield of the AA139 was about
4 mg per 1 L of the culture, which is comparable to that of ALP1 or Ar-1[V8R], as described
previously [22,24].

To evaluate the ability of arenicin peptides to modulate the human complement sys-
tem, we utilized two experimental in vitro models with animal erythrocytes as targets of
complement activation. Antibody-sensitized sheep erythrocytes (Esh) and rabbit erythro-
cytes (Errab) were used to study the CP and AP activation in the normal human serum
(NHS), respectively. In both cases, complement activation was estimated by the hemolysis
level and by C3a and C5a anaphylatoxin accumulation. The results were expressed in
values of H and E coefficients (Figure 2). Importantly, none of the peptides themselves led
to hemolysis in experimental models since the lysis level did not differ from the baseline
when NHS was replaced by the heat-inactivated serum (Table S1).
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Figure 2. The action of arenicin analogues on complement activation, expressed in H and E coefficients.
Data are represented as the mean ± standard deviation. * p < 0.05; ** p < 0.01; # p < 0.001 (sample vs.
control). C3a accumulation (A,D), C5a accumulation (B,E) and alterations in hemolysis level (C,F) in
the CP model (A–C) and AP model (D–F). See text for more information.

All of the peptides demonstrated the ability to modulate complement activation
albeit in different modes. In the presence of antibody sensitized sheep erythrocytes Esh

(the CP model), the dose-dependent action of the peptides on C3a accumulation was
observed. However, Ar-1[V8R] and AA139 only led to the inhibition of C3a production
at concentrations of 80 and 160 µg/mL (E coefficient values below zero), whereas ALP1
displayed a bidirectional effect. The addition of the latter peptide at 2.5–20 µg/mL resulted
in the elevated C3a level in the experimental samples, but at higher concentrations of ALP1,
the C3a level was decreased compared to the control without peptides (Figure 2A). Similar
patterns persisted in the analysis of C5a accumulation and hemolysis level (Figure 2B,C). Of
note is the extremely high complement activation in the presence of ALP1, with a six-fold
increase in the C5a level (corresponding to an E coefficient value of 5).

In the AP model, the AA139 peptide had no apparent effect on the complement
activation, only the C5a level at a peptide concentration of 160 µg/mL was significantly
lower than that of the control. The two Ar-1 analogues mainly showed an inhibitory effect
at high concentrations (160 µg/mL for the assessment of the C3a and C5a levels, or starting
from 40 µg/mL for the level of hemolysis). At the same time, increased C3a levels were
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observed in the presence of Ar-1[V8R] and ALP1 at 5–20 µg/mL, which were not reflected
in the C5a levels or Errab lysis (Figure 2E,F).

Quantification of the inhibitory effect of arenicin analogues on complement activation,
presented as IC50 values (concentrations corresponding the E or H value of −0.5), is shown
in Table 1.

Table 1. IC50 values, µg/mL (µM). “-”—50% inhibition is not achieved in the concentration range of
0–160 µg/mL.

Peptide
Classical Pathway Model Alternative Pathway Model

C3a C5a Hemolysis C3a C5a Hemolysis

Ar-1[V8R] 43.4 (15.4) 2.1 (0.75) 8.9 (3.2) 129.6 (46.0) * 78.7 (28.0) 67.0 (23.8)
ALP1 57.3 (25.1) * 79.2 (34.7) * 61.4 (26.9) * 123.7 (54.2) * 98.8 (43.3) 90.5 (39.6)

AA139 140.2 (55.0) 141.4 (55.5) 130.6 (51.2) - - -
* Bidirectional action was observed with signal enhancement at lower concentrations.

The data in Table 1 show that Ar-1[V8R] was the most efficient complement inhibitor
among these three peptides as it had the lowest IC50 values (in µM), whereas AA139 was
only a weak CP inhibitor.

3. Discussion

The development of new therapeutic drugs including antibiotics should be accom-
panied by a thorough investigation of all aspects of their possible effects in the body, in
particular, their action on complement activation. Although the complement system, as
part of the immune system, contributes to the microbe clearance, its excessive activation
is generally undesirable. As a complex multifaceted system, complement performs a va-
riety of immune and non-immune functions and may be involved in the development
of many pathological processes if it is dysregulated. In this regard, the therapeutic in-
hibition of complement, rather than its stimulation, is currently more urgent in medical
practice [27–29]. Thus, the property of a drug candidate to enhance complement activation
can be regarded as an unfavorable side effect. In particular, this refers to the increased
production of proinflammatory factors such as C3a and C5a. On the other hand, the
inhibition of complement by an antibiotic may impair the antimicrobial response of the
immune system and thus reduce the efficacy of the antibiotic in vivo. Nevertheless, the
anti-inflammatory and immunosuppressive activity of antibiotics is beneficial in conditions
of excessive inflammation [30,31]. Therefore, the ability of a drug candidate to enhance or
inhibit complement activation needs to be taken into account when developing therapeutic
protocols. It should be noted that the concentration-dependent bidirectional effect of the
drug candidate on complement is a critical issue, as it can lead to unpredictable effects
in vivo.

In previous works, we found that Ar-1 and Ar-2 are able to modulate both the CP and
AP of the complement, leading to the enhancement or inhibition of activation depending
on their concentrations [20,21]. It has also been shown that Ar-1 is able to interact with two
complement proteins, C1q and C3b, which may explain its action on the two activation
pathways [32,33]. Despite the generally similar mode of action on complement activation
and the difference in a single amino acid residue, some details of the effects of Ar-1 and
Ar-2 differed markedly. In particular, the ability to enhance complement CP activation at
relatively low concentrations is much weaker for Ar-2 than for Ar-1 [21].

Arenicins, as biologically active peptides, have attracted the attention of researchers. A
number of works are devoted to obtaining modified analogues with altered functional activ-
ities [21,34–36]. Three previously described arenicin analogues, Ar-1[V8R] [22], ALP1 [24],
and AA139 [25], became the subject of study in the present work. Their high selectivity
makes these peptides promising prototypes of new antibiotics. In particular, comprehen-
sive preclinical studies are being conducted with AA139 peptide, which has shown good
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effectiveness against Gram-negative bacteria including antibiotic-resistant strains both
in vitro and in animal models [25,26,37,38].

In our work, we investigated the effect of these three analogues on the activation of the
human complement system in vitro. We used recombinant peptides for the experiments.
Two rounds of HPLC purification assured the absence of bacterial contaminants.

We showed that the action of Ar-1[V8R] and ALP1 was similar to that of Ar-1 and
Ar-2, as previously described. However, although both peptides are derivatives of Ar-1, Ar-
1[V8R] is more similar to Ar-2 in its action. Moreover, of five of the highly similar arenicin
isoforms we studied (Ar-1, Ar-2, and their analogues), Ar-1[V8R] was the only one whose
enhancing effect on complement CP activation was negligible. If the weak enhancement of
C3a production in the AP model is not taken into account, this peptide can be called a pure
complement inhibitor. Interestingly, of all the arenicin peptides studied thus far, Ar-1[V8R]
is the most effective in terms of complement inhibition. In hemolytic assays, its IC50 values
are 3.2 and 23.8 µM for CP and AP, respectively. In contrast, ALP1 was the strongest
enhancer of the CP complement activation of all of the natural isoforms and their analogues
studied. At the same time, at high concentrations (80–160 µg/mL), this peptide exhibited
the complement inhibitory effect characteristic of the other arenicins. The inhibitory action
of the AA139 peptide on complement was much weaker compared to other arenicins. It is
difficult to say whether these results for AA139 are due to sequence differences between
Ar-3 and other arenicins or with structural features of this particular analogue.

The mechanisms of modulation of the complement system activation by arenicins
remain unclear, especially the reasons for the bidirectional action of some isoforms. Appar-
ently, this is at least partly due to the interaction of arenicins with complement proteins
(C1q, C3b), but other mechanisms are also possible, for example, heparin binding, as
discussed in [21]. The reasons for the differences in the action of the different arenicin
isoforms are also elusive, but they seem to be more related to specific amino acid residues
or sequences rather than to differences in the physicochemical properties. In this regard,
it can be noted that of the six arenicin peptides shown in Figure 1, the least hydrophobic
(AA139) and one of the most hydrophobic (Ar-1) peptides exhibited the greatest ability
to enhance complement activation. It is possible, however, that the peptide size may be
important. Thus, ALP-1 was designed to mimic tachyplesins, AMPs from horseshoe crabs
Tachypleus spp., with the same polypeptide chain length. As we describe here for ALP-1,
tachyplesin-1 was shown to be an enhancer of complement activation [39]. Further studies
are needed to understand which structural features of arenicins determine their action
on complement activation and, consequently, how they can be modified to alter these
properties in a targeted manner.

In terms of the potential applications of the studied arenicin analogues as therapeutic
antibiotics, ALP1 needs further modification to remove its bidirectional effect on comple-
ment, and first, its ability to significantly enhance the production of C5a anaphylatoxin,
which has potent proinflammatory activity. It seems that for Ar-1[V8R], and especially
for AA139, their possible effects on complement activation should not be a significant
obstacle to their therapeutic use. However, high local concentrations of the peptides in the
bloodstream should be avoided in order to prevent undesirable complement inhibition.

It should be noted that our results were obtained in experiments in vitro and it is
possible that they will not be fully reproducible in vivo, and, therefore, the recommenda-
tions given are tentative. Particular details of the experimental conditions (use of diluted
serum, presence of gelatin in the buffers, etc.) can affect the interaction of peptides with
complement proteins. One reason to be cautious about extrapolating the in vitro results
to the in vivo conditions is the presence of proteinases in the serum, which can reduce the
stability of the peptides. In our work, we incubated the peptides with serum for 30 min,
which allows us to consider such risks as minimal. These considerations imply the need for
further investigations including in clinical trials.
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4. Materials and Methods
4.1. Peptides

The recombinant Ar-1[V8R] and ALP1 were obtained as described previously [22,24].
The peptide AA139 was obtained using the same procedures. Briefly, the gene encod-
ing AA139 was obtained by the annealing of two primers followed by one-round of
DNA-polymerase extension and then cloned into the pET-based vector as described previ-
ously [22,24]. The target peptides were expressed in E. coli BL21 (DE3) as chimeric proteins
that included the octahistidine tag, the E. coli thioredoxin A with the M37L substitution
(TrxL), methionine residue, and a mature peptide. The transformed cells were grown at
37 ◦C in Lysogeny broth (LB) medium supplemented with 20 mM glucose, 1 mM magne-
sium sulfate, and 100 µg/mL ampicillin were induced at OD600 0.8 with 0.3 mM isopropyl
β-D-1-thiogalactopyranoside (IPTG) for 4 h at 30 ◦C and 220 rpm. After centrifugation,
the pelleted cells were suspended and sonicated in the 100 mM phosphate buffer (pH 7.8)
containing 20 mM imidazole and 6 M guanidine hydrochloride to fully solubilize the fusion
protein. Purification of the peptide involved immobilized metal affinity chromatogra-
phy (IMAC) of the cell lysate, CNBr cleavage of the fusion protein, and reversed-phase
HPLC (RP-HPLC) with the use of a Reprosil-pur C18-AQ column (Dr. Maisch GmbH). The
collected fractions were analyzed by MALDI-TOF mass-spectrometry using a Reflex III in-
strument (Bruker Daltonics). The fractions containing the target peptides were lyophilized
and dissolved in water. The peptide concentrations were estimated using UV absorbance.
The fractions with confirmed masses were dried in vacuo and repurified by the second
round of RP-HPLC. Repurification of peptides was performed using the analytical col-
umn (Symmetry 300 C18) at a flow rate of 1 mL/min in a linear gradient of solution B
(80% acetonitrile, 0.1% TFA) in solution A (5% acetonitrile, 0.1% TFA): 0–100% for 50 min
(Figure S3).

The intramolecular disulfide bonds formation in AA139 was confirmed using alkyla-
tion with iodoacetamide (IAA). Two peptide aliquots (80 µM in 95 µL of 100 мM potassium
phosphate buffer, pH 7.8), one of which was supplemented with 2 mM dithiothreitol (DTT),
were incubated at 55 ◦C for 30 min. Then, 5 µL of a freshly prepared 400 mM aqueous IAA
solution were added to both tubes, and the samples were incubated at room temperature
in the dark for another 30 min. The samples were then desalted using ZipTip-C18 pipette
tips (Merck-Millipore) and analyzed by MALDI-TOF mass-spectrometry.

4.2. Serum and Erythrocytes

Normal human serum (NHS) used as a source of complement was collected by medical
staff (Laboratory of Viral Infections Diagnostics, Department of Clinical Microbiology,
Pavlov First Saint Petersburg State Medical University, Saint Petersburg, Russia) from more
than 20 healthy volunteers, pooled, aliquoted, and stored at −70 ◦C no longer than two
months. Serum aliquots were thawed at +4 ◦C on the day of the experiment, kept in an
ice bath before introducing to test tubes, and were not used repetitively. To obtain serum
with inactivated complement, it was incubated at +56 ◦C for an hour immediately before
the experiment.

Animal erythrocytes were purified from whole blood of rabbit and sheep and stored in
Alsever’s solution at +4 ◦C. Before use, they were washed with appropriate buffer: DGVB++

(dextrose gelatin veronal buffer with Ca2+ and Mg2+) for sheep erythrocytes (Esh) and GVB+

(gelatin veronal buffer with Mg2+) for rabbit erythrocytes (Erab). DGVB++ is 4.5 mM sodium
barbital buffer containing 150 mM NaCl, 15 mM glucose, 0.15 mM CaCl2, 1 mM MgCl2,
0.05% gelatin; pH 7.4. GVB+ is 4.5 mM sodium barbital buffer containing 150 mM NaCl,
10 mM Mg-EGTA, 0.05% gelatin; pH 7.4. Before the experiments, Esh was sensitized with
antibodies (anti-sheep red blood cell stroma antibodies produced in rabbits, S1389, Sigma,
St. Louis, MO, USA) diluted 1:1600 for 40 min at +37 ◦C.
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4.3. Complement Activation

The ability of peptides to modulate the human complement system was evaluated by
hemolytic assay and by ELISA, as previously described [20,21]. In addition to C3a ELISA, as
in previous works, we used the C5a ELISA Kit from “Cytokine” (Saint Petersburg, Russia).

Briefly, the experimental samples contained erythrocytes, diluted NHS as a source of
complement proteins, and arenicin analogues at different concentrations. For the CP assay,
Esh was introduced to a final concentration of 1 × 108 cells per mL, NHS was diluted to
1%, and DGVB++ was used to dilute all of the components. For the AP assay, there were
1 × 108 cells per mL of Erab, 5% NHS, and GVB+. After the 30 min incubation at +37 ◦C,
the lysis of the erythrocytes was stopped by the addition of PBS (phosphate buffered saline,
pH 7.4) in a ratio of 1:7.5. Samples were centrifuged at 500 g for 5 min at room temperature
and the supernatants were photometered at 414 nm. The same supernatants were used for
C3a and C5a determination by ELISA.

For the calculation and visualization of results, we utilized the coefficients for the
evaluation of the hemolytic activity of complement (H, for “hemolysis”) and of complement-
dependent C3a accumulation (E, for “ELISA”).

The hemolytic activity of serum in a sample was counted as

H =
OD414(sample)− OD414(control)

OD414(control)

The control was a sample with no peptides added. The H values above zero indicate
the augmentation of complement-mediated hemolysis, while the H values below zero
mean inhibition.

The alterations in the accumulation of C3a or C5a were expressed as

E =
OD450(sample)− OD450(control)

OD450(control)

As the control, a sample with no peptides added was used. As with the H coeffi-
cient, the E values above or below zero indicate an increase or decrease in anaphylatoxin
accumulation, respectively.

4.4. Statistical Analysis

Statistical analysis was made using R language (v4.0.2) in RStudio environment (R
Core Team, R Foundation for Statistical Computing, Vienna, Austria). Significance of the
H and E coefficient values’ deviation from the controls was evaluated by the two-sample
t-test. The experiments on complement modulation were performed at least four times
for each of the peptides. For both the hemolytic and ELISA assays, p-values less than 0.05
were considered statistically significant. The plots were drawn using R language with the
ggplot2 (v3.3.2) and ggpubr (v.0.4.0) packages.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/md20100612/s1, Figure S1: MALDI-MS analysis of the recombinant
AA139; Figure S2: MALDI-MS analysis of the alkylated AA139; Figure S3: Repurification of the
recombinant AA139; Table S1: Evaluation of the hemolytic activity of arenicin analogues in heat-
inactivated serum.
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3. Rončević, T.; Puizina, J.; Tossi, A. Antimicrobial peptides as anti-infective agents in pre-post-antibiotic era? Int. J. Mol. Sci. 2019,

20, 5713. [CrossRef]
4. Li, X.; Zuo, S.; Wang, B.; Zhang, K.; Wang, Y. Antimicrobial mechanisms and clinical application prospects of antimicrobial

peptides. Molecules 2022, 27, 2675. [CrossRef]
5. Bertrand, B.; Munoz-Garay, C. Marine antimicrobial peptides: A promising source of new generation antibiotics and other

bio-active molecules. Int. J. Pept. Res. Ther. 2019, 25, 1441–1450. [CrossRef]
6. Bruno, R.; Maresca, M.; Canaan, S.; Cavalier, J.F.; Mabrouk, K.; Boidin-Wichlacz, C.; Olleik, H.; Zeppilli, D.; Brodin, P.; Massol, F.;

et al. Worms’ antimicrobial peptides. Mar. Drugs 2019, 17, 512. [CrossRef]
7. Wu, R.; Patocka, J.; Nepovimova, E.; Oleksak, P.; Valis, M.; Wu, W.; Kuca, K. Marine invertebrate peptides: Antimicrobial peptides.

Front. Microbiol. 2021, 12, 785085. [CrossRef]
8. Berlov, M.N.; Maltseva, A.L. Immunity of the lugworm Arenicola marina: Cells and molecules. Invertebr. Surviv. J. 2016, 13,

247–256. [CrossRef]
9. Panteleev, P.V.; Bolosov, I.A.; Balandin, S.V.; Ovchinnikova, T.V. Structure and biological functions of β-hairpin antimicrobial

peptides. Acta Naturae 2015, 7, 37–47. [CrossRef] [PubMed]
10. Panteleev, P.V.; Balandin, S.V.; Ivanov, V.T.; Ovchinnikova, T.V. A therapeutic potential of animal β-hairpin antimicrobial peptides.

Curr. Med. Chem. 2017, 24, 1724–1746. [CrossRef] [PubMed]
11. Ovchinnikova, T.V.; Aleshina, G.M.; Balandin, S.V.; Krasnosdembskaya, A.D.; Markelov, M.L.; Frolova, E.I.; Leonova, Y.F.; Tagaev,

A.A.; Krasnodembsky, E.G.; Kokryakov, V.N. Purification and primary structure of two isoforms of arenicin, a novel antimicrobial
peptide from marine polychaeta Arenicola marina. FEBS Lett. 2004, 577, 209–214. [CrossRef]

12. Sandvang, D.; Kristensen, H.-H.; Neve, S. Arenicin-3: A novel antimicrobial peptide showing potent in vitro activity against
gram-negative multi-resistant clinical isolates. In Proceedings of the 46th Annual Meeting Infectious Diseases Society of America,
Washington, DC, USA, 24–28 October 2008; p. F1-3986.

13. Van der Does, A.M.; Hiemstra, P.S.; Mookherjee, N. Antimicrobial host defence peptides: Immunomodulatory functions and
translational prospects. Adv. Exp. Med. Biol. 2019, 1117, 149–171. [CrossRef]

14. Umnyakova, E.S.; Zharkova, M.S.; Berlov, M.N.; Shamova, O.V.; Kokryakov, V.N. Human antimicrobial peptides in autoimmunity.
Autoimmunity 2020, 53, 137–147. [CrossRef]

15. Martell, E.M.; González-Garcia, M.; Ständker, L.; Otero-González, A.J. Host defense peptides as immunomodulators: The other
side of the coin. Peptides 2021, 146, 170644. [CrossRef] [PubMed]

16. Guryanova, S.V.; Ovchinnikova, T.V. Immunomodulatory and allergenic properties of antimicrobial peptides. Int. J. Mol. Sci.
2022, 23, 2499. [CrossRef]

17. Merle, N.S.; Church, S.E.; Fremeaux-Bacchi, V.; Roumenina, L.T. Complement system Part I: Molecular mechanisms of activation
and regulation. Front. Immunol. 2015, 6, 262. [CrossRef]

18. Barnum, S.R. Complement: A primer for the coming therapeutic revolution. Pharmacol. Ther. 2017, 172, 63–72. [CrossRef]
[PubMed]

19. Heesterbeek, D.A.C.; Angelier, M.L.; Harrison, R.A.; Rooijakkers, S.H.M. Complement and bacterial infections: From molecular
mechanisms to therapeutic applications. J. Innate Immun. 2018, 10, 455–464. [CrossRef]

20. Umnyakova, E.S.; Gorbunov, N.P.; Zhakhov, A.V.; Krenev, I.A.; Ovchinnikova, T.V.; Kokryakov, V.N.; Berlov, M.N. Modulation of
human complement system by antimicrobial peptide arenicin-1 from Arenicola marina. Mar. Drugs 2018, 16, 480. [CrossRef]
[PubMed]

21. Krenev, I.A.; Umnyakova, E.S.; Eliseev, I.E.; Dubrovskii, Y.A.; Gorbunov, N.P.; Pozolotin, V.A.; Komlev, A.S.; Panteleev, P.V.;
Balandin, S.V.; Ovchinnikova, T.V.; et al. Antimicrobial peptide arenicin-1 derivative Ar-1-(C/A) as complement system modulator.
Mar. Drugs 2020, 18, 631. [CrossRef] [PubMed]

22. Panteleev, P.V.; Bolosov, I.A.; Balandin, S.V.; Ovchinnikova, T.V. Design of antimicrobial peptide arenicin analogs with improved
therapeutic indices. J. Pept. Sci. 2015, 21, 105–113. [CrossRef] [PubMed]

http://doi.org/10.1038/s41579-021-00649-x
http://doi.org/10.1016/j.tim.2018.12.010
http://doi.org/10.3390/ijms20225713
http://doi.org/10.3390/molecules27092675
http://doi.org/10.1007/s10989-018-9789-3
http://doi.org/10.3390/md17090512
http://doi.org/10.3389/fmicb.2021.785085
http://doi.org/10.25431/1824-307X/isj.v13i1.247-256
http://doi.org/10.32607/20758251-2015-7-1-37-47
http://www.ncbi.nlm.nih.gov/pubmed/25927000
http://doi.org/10.2174/0929867324666170424124416
http://www.ncbi.nlm.nih.gov/pubmed/28440185
http://doi.org/10.1016/j.febslet.2004.10.012
http://doi.org/10.1007/978-981-13-3588-4_10
http://doi.org/10.1080/08916934.2020.1711517
http://doi.org/10.1016/j.peptides.2021.170644
http://www.ncbi.nlm.nih.gov/pubmed/34464592
http://doi.org/10.3390/ijms23052499
http://doi.org/10.3389/fimmu.2015.00262
http://doi.org/10.1016/j.pharmthera.2016.11.014
http://www.ncbi.nlm.nih.gov/pubmed/27914981
http://doi.org/10.1159/000491439
http://doi.org/10.3390/md16120480
http://www.ncbi.nlm.nih.gov/pubmed/30513754
http://doi.org/10.3390/md18120631
http://www.ncbi.nlm.nih.gov/pubmed/33321960
http://doi.org/10.1002/psc.2732
http://www.ncbi.nlm.nih.gov/pubmed/25557880


Mar. Drugs 2022, 20, 612 10 of 10

23. Panteleev, P.V.; Myshkin, M.Y.; Shenkarev, Z.O.; Ovchinnikova, T.V. Dimerization of the antimicrobial peptide arenicin plays a
key role in the cytotoxicity but not in the antibacterial activity. Biochem. Biophys. Res. Commun. 2017, 482, 1320–1326. [CrossRef]
[PubMed]

24. Panteleev, P.V.; Bolosov, I.A.; Ovchinnikova, T.V. Bioengineering and functional characterization of arenicin shortened analogs
with enhanced antibacterial activity and cell selectivity. J. Pept. Sci. 2016, 22, 82–91. [CrossRef]

25. Elliott, A.G.; Huang, J.X.; Neve, S.; Zuegg, J.; Edwards, I.A.; Cain, A.K.; Boinett, C.J.; Barquist, L.; Lundberg, C.V.; Steen, J.; et al.
An amphipathic peptide with antibiotic activity against multidrug-resistant Gram-negative bacteria. Nat. Commun. 2020, 11, 3184.
[CrossRef]

26. Edwards, I.A.; Henriques, S.T.; Blaskovich, M.A.T.; Elliott, A.G.; Cooper, M.A. Investigations into the membrane activity of
arenicin antimicrobial peptide AA139. Biochim. Biophys. Acta—Gen. Subj. 2022, 1866, 130156. [CrossRef] [PubMed]

27. Merle, N.S.; Noe, R.; Halbwachs-Mecarelli, L.; Fremeaux-Bacchi, V.; Roumenina, L.T. Complement system Part II: Role in
immunity. Front. Immunol. 2015, 6, 257. [CrossRef] [PubMed]

28. Mastellos, D.C.; Ricklin, D.; Lambris, J.D. Clinical promise of next-generation complement therapeutics. Nat. Rev. Drug Discov.
2019, 18, 707–729. [CrossRef]

29. Schröder-Braunstein, J.; Kirschfink, M. Complement deficiencies and dysregulation: Pathophysiological consequences, modern
analysis, and clinical management. Mol. Immunol. 2019, 114, 299–311. [CrossRef]

30. Pradhan, S.; Madke, B.; Kabra, P.; Singh, A.L. Anti-inflammatory and immunomodulatory effects of antibiotics and their use in
dermatology. Indian J. Dermatol. 2016, 61, 469–481. [CrossRef]

31. Zimmermann, P.; Ziesenitz, V.C.; Curtis, N.; Ritz, N. The immunomodulatory effects of macrolides—A systematic review of the
underlying mechanisms. Front. Immunol. 2018, 9, 302. [CrossRef]

32. Berlov, M.N.; Umnyakova, E.S.; Leonova, T.S.; Milman, B.L.; Krasnodembskaya, A.D.; Ovchinnikova, T.V.; Kokryakov, V.N.
Interaction of arenicin-1 with C1q protein. Russ. J. Bioorg. Chem. 2015, 41, 597–601. [CrossRef] [PubMed]

33. Umnyakova, E.S.; Krenev, I.A.; Legkovoy, S.V.; Sokolov, A.V.; Rogacheva, O.N.; Ovchinnikova, T.V.; Kokryakov, V.N.; Berlov, M.N.
The interaction of arenicin-1 with C3b complement protein. Med. Acad. J. 2019, 19, 187–188. [CrossRef]

34. Wang, X.; Wang, X.; Teng, D.; Zhang, Y.; Mao, R.; Xi, D.; Wang, J. Candidacidal mechanism of the arenicin-3-derived peptide
NZ17074 from Arenicola marina. Appl. Microbiol. Biotechnol. 2014, 98, 7387–7398. [CrossRef] [PubMed]

35. Orlov, D.S.; Shamova, O.V.; Eliseev, I.E.; Zharkova, M.S.; Chakchir, O.B.; Antcheva, N.; Zachariev, S.; Panteleev, P.V.; Kokryakov,
V.N.; Ovchinnikova, T.V.; et al. Redesigning arenicin-1, an antimicrobial peptide from the marine polychaeta Arenicola marina, by
strand rearrangement or branching, substitution of specific residues, and backbone linearization or cyclization. Mar. Drugs 2019,
17, 376. [CrossRef]

36. Wang, Z.; Yang, N.; Teng, D.; Hao, Y.; Li, T.; Han, H.; Mao, R.; Wang, J. Resistance response to Arenicin derivatives in Escherichia
coli. Appl. Microbiol. Biotechnol. 2022, 106, 211–226. [CrossRef]

37. Van der Weide, H.; Vermeulen-de Jongh, D.M.C.; der Meijden, A.; Boers, S.A.; Kreft, D.; ten Kate, M.T.; Falciani, C.; Pini, A.;
Strandh, M.; Bakker-Woudenberg, I.A.J.M.; et al. Antimicrobial activity of two novel antimicrobial peptides AA139 and SET-M33
against clinically and genotypically diverse Klebsiella pneumoniae isolates with differing antibiotic resistance profiles. Int. J.
Antimicrob. Agents 2019, 54, 159–166. [CrossRef]

38. Van der Weide, H.; Cossío, U.; Gracia, R.; te Welscher, Y.M.; ten Kate, M.T.; van der Meijden, A.; Marradi, M.; Ritsema, J.A.S.;
Vermeulen-de Jongh, D.M.C.; Storm, G.; et al. Therapeutic efficacy of novel antimicrobial peptide AA139-nanomedicines in
a multidrug-resistant Klebsiella pneumoniae pneumonia-septicemia model in rats. Antimicrob. Agents Chemother. 2020, 64,
e00517-20. [CrossRef]

39. Chen, J.; Xu, X.M.; Underhill, C.B.; Yang, S.; Wang, L.; Chen, Y.; Hong, S.; Creswell, K.; Zhang, L. Tachyplesin activates the classic
complement pathway to kill tumor cells. Cancer Res. 2005, 65, 4614–4622. [CrossRef]

http://doi.org/10.1016/j.bbrc.2016.12.035
http://www.ncbi.nlm.nih.gov/pubmed/27940358
http://doi.org/10.1002/psc.2843
http://doi.org/10.1038/s41467-020-16950-x
http://doi.org/10.1016/j.bbagen.2022.130156
http://www.ncbi.nlm.nih.gov/pubmed/35523364
http://doi.org/10.3389/fimmu.2015.00257
http://www.ncbi.nlm.nih.gov/pubmed/26074922
http://doi.org/10.1038/s41573-019-0031-6
http://doi.org/10.1016/j.molimm.2019.08.002
http://doi.org/10.4103/0019-5154.190105
http://doi.org/10.3389/fimmu.2018.00302
http://doi.org/10.1134/S1068162015060035
http://www.ncbi.nlm.nih.gov/pubmed/27125019
http://doi.org/10.17816/MAJ191S1187-188
http://doi.org/10.1007/s00253-014-5784-6
http://www.ncbi.nlm.nih.gov/pubmed/24816779
http://doi.org/10.3390/md17060376
http://doi.org/10.1007/s00253-021-11708-x
http://doi.org/10.1016/j.ijantimicag.2019.05.019
http://doi.org/10.1128/AAC.00517-20
http://doi.org/10.1158/0008-5472.CAN-04-2253

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Peptides 
	Serum and Erythrocytes 
	Complement Activation 
	Statistical Analysis 

	References

