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Abstract: The conventional function described for platelets is maintaining vascular integrity. Never-
theless, increasing evidence reveals that platelets can additionally play a crucial role in responding
against microorganisms. Activated platelets release molecules with antimicrobial activity. This ability
was first demonstrated in rabbit serum after coagulation and later in rabbit platelets stimulated with
thrombin. Currently, multiple discoveries have allowed the identification and characterization of
PMPs (platelet microbicidal proteins) and opened the way to identify kinocidins and CHDPs (cationic
host defense peptides) in human platelets. These molecules are endowed with microbicidal activity
through different mechanisms that broaden the platelet participation in normal and pathologic
conditions. Therefore, this review aims to integrate the currently described platelet molecules with
antimicrobial properties by summarizing the pathways towards their identification, characterization,
and functional evaluation that have promoted new avenues for studying platelets based on kinocidins
and CHDPs secretion.

Keywords: platelets; platelet microbicidal proteins (PMP); kinocidins; CHDPs (cationic host
defense peptides)

1. Introduction

Platelets are anucleate cells ranging from 2–5 µm in size and are the most abundant
cells in the blood circulation after erythrocytes [1]. Once released from their precursors,
the megakaryocytes present in the bone marrow, platelets enter the bloodstream and
circulate for 7 to 10 days [2]. Platelets are complex cells containing three different granules:
the α, dense or δ, and lysosomal granules [3]. The α-granules carry diverse proteins,
cytokines, chemokines, and growth factors, while the δ granules contain small molecules
such as adenosine diphosphate (ADP), serotonin, glutamate, histamine, and calcium
necessary for hemostasis [4]. Finally, lysosomal granules contain glycohydrolases and
enzymes that degrade glycoproteins, glycolipids, and glycosaminoglycans [5]. Despite
being anucleated cells, platelets contain stable messenger RNA (mRNA) transcripts and the
translation machinery for protein synthesis due to the inheritance of their megakaryocytic
precursors [6].

The principal described platelet function is their evident participation in hemostasis.
In this process, platelets detect vascular damage by recognizing subendothelial components
such as the von Willebrand factor (vWF) and collagen fibers through glycoproteins present
on their surface. This recognition results in platelet activation and a hemostatic plug
formed by platelet aggregation and fibrin deposits, avoiding blood loss [7,8]. In addition,
to preserve vascular integrity, platelets own a broad functional repertoire of molecules
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participating in the immune system [9]. Platelets act as sensors of innate immunity because
they present surface and intracellular pattern recognition receptors (PRRs) to recognize
pathogen-associated molecular patterns (PAMPs) and damage-associated molecular pat-
terns (DAMPs) [10]. Platelets also express complement receptors (CRs) [11], receptors
for the crystallizable fraction of immunoglobulins (FcRs) [12], and receptors to recognize
proinflammatory cytokines [13–16] and chemokines [17].

Additionally, activated platelets express on their surface ligands as CD62P, CD40L,
and integrins, and secrete inflammatory mediators as IL-1β or chemokines that allow them
to interact and induce certain functions in the innate immune response. Such functions
include the respiratory burst, extravasation, transcription, cytokine release, the induction
of neutrophil extracellular traps (NETs), or dendritic cell maturation [18]. In the adaptive
immune response, platelets promote B lymphocyte isotype switching [19] and possess the
molecular machinery for antigen presentation to cytotoxic T lymphocytes (CTL), including
the immunoproteasome, the β2-microglobulin, and Major Histocompatibility Complex
(MHC) class I molecules [20–22].

Outstandingly, platelets can also produce molecules with microbicidal activity. These
particles include kinocidins (antimicrobial chemokines) [23,24] and cationic host defense
peptides (CHDPs) [25]. In addition to antimicrobial properties, kinocidins and CHDPs
are endowed with multiple biological functions expanding the platelet involvement in
different physiological and disease-associated processes [26,27]. Therefore, this review
aims to provide an overview of the discovery and identification of platelet-produced
antimicrobial molecules, emphasizing recent advances and suggesting new avenues for
investigating these undervalued cells.

2. Current Classification of Antimicrobial Molecules in Platelets

The assigned terms to name antimicrobial molecules initially described in rabbit
platelets and later in human platelets arose gradually over time, and their definition was
coined depending on the species, structure, or functions performed (Figure 1). In 1981, the
first serum component of peptide nature, with antimicrobial activity produced during the
coagulation of rabbit platelets, was identified and called PC-III (third purification peak
with antimicrobial activity obtained by column chromatography) [28]. In this same species,
a group of not thrombin-induced platelet microbicidal proteins (PMP-1-5) was described
within these cells, while the thrombin-induced secreted PMPs received the names tPMP-1,
-2, demonstrating that PMPs and tPMPs are different from each other [29–31]. In humans,
the first peptide purification with microbicidal activity from thrombin-stimulated platelets
revealed chemokine CXCL7-derived fragments, called thrombocydins 1 and 2 (TC1 and
TC2) [32]. The subsequent identification of more human microbicidal molecules revealed
several CC and CXC chemokines families (CCL5, CXCL4, and CXCL7); hence, they were
called kinocidins [33,34]. Although this name was initially used for platelet microbicidal
chemokines, the term kinocidin now refers to microbicidal chemokines regardless of their
cellular origin [35]. Between species, the human kinocidin CXCL4 or Platelet Factor 4
(PF-4) was described as an ortholog protein of PMP-1 and tPMP-1 in rabbits [34]. Finally,
in the last ten years, other antimicrobial molecules termed CHDPs have been identified in
human platelets; these particles include the human neutrophil peptides (HNPs), human
β-defensins (HBD), and cathelcidin LL-37 [36]. The most recently described molecule with
microbicidal function in human platelets is an RNAse-type enzyme (RNAse 7) [37].
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Figure 1. Classification of antimicrobial molecules in platelets. In rabbit and human platelets, anti-
microbial molecules are chronologically grouped according to species, structure, or function (left to 
right). In rabbits, only a serum component (PC-III) and the platelet microbicidal proteins (PMP) not 
induced and induced by thrombin (tPMP) are found. PMP1 and tPMP-1 are orthologous with the 
human kinocidin CXCL4 or Platelet Factor 4 (PF-4). Some human kinocidins or kinocidin-derived 
fragments are primarily produced by platelets (highlighted in blue). In the group of cationic host 
defense peptides (CHDPs), both human neutrophil peptides 1 (HNP-1), human beta-defensins 
(HBD 1-3), and cathelicidin (LL-37) belong to this category. Currently, a single RNAse with antimi-
crobial activity (RNAse 7) is found in this classification. 

3. Initial Findings of Antimicrobial Molecules in Platelets 
Since the beginning of the 19th century, a thermostable substance with microbicidal 

activity against Bacillus anthracis was described in horse platelets. It was named plakin, 
whose bactericidal mechanism was described by inhibiting the cellular respiration [38]. 
D. M. Donaldson et al. [39] demonstrated that, by preventing rabbit platelet activation 
using anticoagulants in vivo or in vitro, treatment with X-irradiation, or the administra-
tion of antiplatelet antibodies, leads to a loss of the serum microbicidal capacity of these 
animals [39,40]. Interestingly, platelet-rich plasma (PRP) revealed more effectiveness than 
erythrocytes and isolated leukocytes to prevent B. subtilis growth. However, these micro-
bicidal effects using human serum were slightly extended [41]. Subsequently, different 
assays using ethanol extractions identified two components responsible for the antimicro-
bial activity of rabbit serum; the sum of the two components was necessary to present this 
activity [40,42,43]. In the early 1980s, Carroll et al. [28,44,45] published a series of articles 
showing that the main thermostable factor responsible for the antibacterial activity against 
B. subtilis, L. monocytogenes, and E. coli present in rabbit serum is PC-III [44]. This compo-
nent is a single peptide weighing 2000 daltons, composed of 17 amino acid residues, 24% 
basic and 34% nonpolar [28]. PC-III exerts a microbicidal activity against B. subtilis (the 
complete microorganism and its membrane vesicles). PC-III activity is mediated by a cal-
cium-dependent mechanism capable of abolishing bacterial respiration in a lactate- and 
glucose-dependent manner, intervening in the respiratory complex that participates in the 
passage of the electrons from NADH to oxygen, by blocking the electron transport chain 
between cytochromes b and a, acting as an inhibitor of cytochrome c oxidase and cyto-
chrome c reductase activity [45]. However, up to date, no further research has been con-
ducted on this issue.  

  

Figure 1. Classification of antimicrobial molecules in platelets. In rabbit and human platelets,
antimicrobial molecules are chronologically grouped according to species, structure, or function (left
to right). In rabbits, only a serum component (PC-III) and the platelet microbicidal proteins (PMP)
not induced and induced by thrombin (tPMP) are found. PMP1 and tPMP-1 are orthologous with the
human kinocidin CXCL4 or Platelet Factor 4 (PF-4). Some human kinocidins or kinocidin-derived
fragments are primarily produced by platelets (highlighted in blue). In the group of cationic host
defense peptides (CHDPs), both human neutrophil peptides 1 (HNP-1), human beta-defensins (HBD
1-3), and cathelicidin (LL-37) belong to this category. Currently, a single RNAse with antimicrobial
activity (RNAse 7) is found in this classification.

3. Initial Findings of Antimicrobial Molecules in Platelets

Since the beginning of the 19th century, a thermostable substance with microbicidal
activity against Bacillus anthracis was described in horse platelets. It was named plakin,
whose bactericidal mechanism was described by inhibiting the cellular respiration [38].
D. M. Donaldson et al. [39] demonstrated that, by preventing rabbit platelet activation
using anticoagulants in vivo or in vitro, treatment with X-irradiation, or the administra-
tion of antiplatelet antibodies, leads to a loss of the serum microbicidal capacity of these
animals [39,40]. Interestingly, platelet-rich plasma (PRP) revealed more effectiveness than
erythrocytes and isolated leukocytes to prevent B. subtilis growth. However, these micro-
bicidal effects using human serum were slightly extended [41]. Subsequently, different
assays using ethanol extractions identified two components responsible for the antimicro-
bial activity of rabbit serum; the sum of the two components was necessary to present
this activity [40,42,43]. In the early 1980s, Carroll et al. [28,44,45] published a series of
articles showing that the main thermostable factor responsible for the antibacterial activity
against B. subtilis, L. monocytogenes, and E. coli present in rabbit serum is PC-III [44]. This
component is a single peptide weighing 2000 daltons, composed of 17 amino acid residues,
24% basic and 34% nonpolar [28]. PC-III exerts a microbicidal activity against B. subtilis
(the complete microorganism and its membrane vesicles). PC-III activity is mediated by
a calcium-dependent mechanism capable of abolishing bacterial respiration in a lactate-
and glucose-dependent manner, intervening in the respiratory complex that participates
in the passage of the electrons from NADH to oxygen, by blocking the electron transport
chain between cytochromes b and a, acting as an inhibitor of cytochrome c oxidase and
cytochrome c reductase activity [45]. However, up to date, no further research has been
conducted on this issue.
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4. Platelet Microbicidal Proteins of Rabbit: PMPs and tPMPs

In 1971, total platelet extracts, granules, and their secretion products obtained from ac-
tivated rabbit platelets with collagen and ADP showed that they exert microbicidal activity
against B. subtilis [46]. Approximately 20 years later, the thrombin-induced secretion prod-
ucts of rabbit platelets received the name of platelet microbicidal proteins (tPMP) [29–31].
The tPMP bactericidal action mainly occurs at 37 to 42 ◦C and pH 7.2 to 8.5. The presence
of Na+, K+, Ca2+, and Mg2+ cations decreases tPMP microbicidal activity in a time- and
concentration-dependent manner. In contrast, low-molecular-weight carbohydrates (glu-
cose, sucrose, and melicytose) do not affect this function. The aforementioned indicates
that tPMP has its highest microbicidal activity under conditions close to physiological [30].
tPMP can increase the effectiveness of the antibiotics oxacycline and vancomycin in killing
S. aureus by reducing the minimum inhibitory concentration (MIC) and delaying the re-
covery time of microbial growth [31]. Similarly, tPMPs were found destroying different
C. albicans strains and, to a lesser extent, C. neoformans through a mechanism involving
cell surface structure damage [47]. In support of this idea, evaluating the response of
tPMP-resistant strains of C. albicans, it became clear that they generate endocarditis with a
higher density of fungal vegetation and dissemination to the spleen than rabbits treated
with tPMP-susceptible strains [48]. Considering that pathogenic microorganism adherence
to platelets can lead to hematogenous dissemination, the use of tPMP at sublethal doses
conveniently demonstrated a decrease in platelet-S. aureus [49] and platelet-C. albicans
interactions [50].

The characterization of rabbit platelet intracellular molecules through gel filtration
and reverse-phase high-performance liquid chromatography (RP-HPLC) demonstrated the
existence of five low-molecular-weight proteins with antimicrobial activity, which were
assigned as PMP-1-5. On the other hand, two proteins were identified in the supernatant
of thrombin-stimulated platelets using the same methodology and were called tPMP-1
and tPMP-2. PMPs and tPMPs are different from each other, and, until now, it has not
been reported that PMPs 1-5 can be secreted or that tPMPs are present inside unstimulated
rabbit platelets [51,52].

Using a protoplast model derived from tPMP-1 susceptible and resistant S. aureus
strains, the importance of the bacterial growth phase was confirmed since the protoplasts
of both resistant and susceptible bacterial strains showed the same tendency to membrane
disruption during the logarithmic phase visualized by transmission electron microscopy
(TEM) [53]. The bacteriolytic mechanism was demonstrated through artificial flat lipid
bilayer membranes, where tPMP-1 addition caused an initial conductance increase with
fluctuations from −30 mV to −90 mV and a voltage decrease to −30 mV; despite de-
creasing in voltage magnitude, the permeabilization was not abolished [53]. For tPMP-1
voltage-dependent action, the protein concentration is essential, as well as the polarity
and extent of the membrane voltage, since permeabilization is even four times higher at a
membrane voltage of −90 mV than at +90 mV, requiring a lower tPMP-1 amount to initiate
permeabilization at −90 mV [54]. Furthermore, depending on the tPMP-1 quantity, the
membrane damage pattern is different since low tPMP-1 concentrations correlate with a
more significant effect on negative voltages in contrast to membrane damage at positive
voltages related to high tPMP-1 concentrations [54]. Once the rabbit platelet proteins
mechanism was decoded, it was compared with that exerted by HNP1. When analyzing
the platelet microbicidal proteins (PMP and tPMP-1), substantial differences were found
mainly due to environmental pH and critical membrane depolarization factors. In S. aureus
strains with different membrane potentials, 6850 (∆ψ −150 mV) and JB-1 (∆ψ −100 mV),
both PMP and tPMP-1 exert a membrane-potential-dependent mechanism, being more
efficient against bacteria with a high membrane potential, 6850 (−150 mV), but at differ-
ent pH, neutral for tPMP-1 and acidic for PMP-2. This is unlike HNP1, which showed
a membrane-potential-independent mechanism eliminating both bacteria equally at a
physiological pH [55].
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On the other hand, antibiotics inhibiting cell wall synthesis (penicillin and vancomycin)
increase the tPMP-1 ability to eliminate S. aureus. In contrast, bacteria pretreatment
with drugs modifying intracellular processes by inhibiting protein synthesis (tetracy-
cline, azithromycin, quinupristin), or DNA synthesis (novobicin), decrease its bactericidal
capacity, suggesting that tPMP-1 also has intracellular targets [56].

Among the bacterial features providing specific resistance to tPMP-1-mediated elim-
ination is a gene at the qacA locus of S. aureus. qacA encodes a proton motive force-
dependent transporter, a pump exporting membrane-bound cations [57]. Another re-
sistance mechanism employed by S. aureus strains is the phospholipid composition of
the cytoplasmic membrane outer face. Phosphatidyl glycerol-lysine (LPG), a positively
charged phospholipid, prevents tPMP-1 binding [58]. The tPMPs findings have been of
great importance, the beginning of identifying human platelet microbicidal molecules.

5. Microbicidal Molecules in Human Platelets
5.1. Kinocidins

The first group demonstrating a bactericidal substance released by thrombin-stimulated
human platelets named it “thrombodefensins” in a doctoral thesis in 1988 [59]. Subse-
quently, this term was changed to “thrombocidins”. These molecules were identified as
low-molecular-weight cationic peptides capable of exerting bactericidal activity against
S. viridans [60]. The first human thrombocidins identification was made using cation ex-
change chromatography and continuous acid-urea polyacrylamide gel electrophoresis
from the α-granules of platelets. This study found two peptides: thrombocidin-1 (TC-1)
and thrombocidin-2 (TC-2). TC-1 and TC-2 characterization revealed that these peptides
are derived from platelet basic protein (PBP, CXCL7) and are truncated variants in two
amino acids (Ala-Asp) in the amino-terminal region of CXC chemokines: TC-1, from
neutrophil-activating peptide 2 (NAP-2), and TC-2, from connective tissue activating pep-
tide 3 (CTAP-3). Both components (TC-1 and TC-2) exerted potent bactericidal activity
against B. subtilis, to a lesser extent against E. coli and S. aureus, and fungicidal activity
against C. neoformans [32].

Subsequently, Tang et al. [33] purified seven platelet-derived antimicrobial peptides
from supernatant resulting from thrombin stimulation or total platelet extract. In addi-
tion, using techniques such as RP-HPLC, mass spectrometry, amino acid analysis, and
sequence determination revealed that the nature of the analyzed peptides corresponded
to chemoattractant peptides (CXC and CC chemokines), previously characterized. Some
identified chemokines were: platelet factor-4 (PF-4; CXCL4), Regulated on Activation
Normal T cell Expressed and Secreted (RANTES or CCL5), CTAP-3, PBP, thymosin beta 4
(Tβ-4), fibrinopeptide (FP)-A, and FP-B. hPF4 and CTAP-3 are the most abundant peptides
found in the secretion product of stimulated platelets. Additionally, the antimicrobial
activity exerted by these isolated components was more potent against bacteria (E. coli and
S. aureus) than against fungi (C. albicans and C. neoformans), mainly in acidic conditions
(pH 5.5) [33].

The comparative analysis between rabbit and human microbicidal peptides showed
that PMP-1 (ser-PMP-1, because of the serine presence at its N-terminal), and tPMP-1
(asp-PMP-1) present significant homology with human PF4 (hPF4) in their amino acid
sequence (76% in the mature peptide), as well as their conformation, being considered
ortholog proteins [34] (Figure 2A). Furthermore, using the hPF4 crystallographic structure
as a basis [61], the following domains were identified in hPF4 as well as in ser-PMP-1 and
Asp-PMP-1: (1) an N-terminal anionic region (from amino acid residue Ser1 or Asp1 to
Arg25/24), with a CXC motif characteristic of chemokines; (2) an intermediate domain
(from residue His25/26 to Arg 52/51), which conforms a β-sheet, antiparallel motif; (3) a C-
terminal cationic domain (from residue Lys53/52 to Glu73/72), containing an α-helix motif
consistent with peptides exhibiting direct microbicidal activity, and (4) a three-dimensional
structure stabilized by two disulfide bridges [34] (Figure 2B). From this moment on, the
term thrombocidins evolved towards another denomination that encompassed the main
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characteristics of these molecules, their chemotactic and microbicidal activity, to later be
called kinocidins (kino- chemokine; cidins- microbicide) [35].
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and PMP-1 of rabbit in pink. On the right side, a zoom of each domain. The chemokine domain was rotated to the right for
more precise visualization of this structure.

The domains that constitute the hPF4 and PMP-1 peptides have different function-
alities: half molecule (residues 1–37) corresponds to the CXC chemokine domain, with a
neutral charge and low antimicrobial activity, while the other half (residues 38-74) has a
positive charge, an α-helix structure, and inhibits the growth of S. aureus, S. typimurium,
and C. albicans [62] (Figure 2B). Despite the great hPF4 abundance in human platelets, there
are few studies related to its antimicrobial (Table 1), viral (Section 6.1), and antiparasitic
(Section 6.2) activity, and because hPF4 and PMP-1 are ortholog proteins, they might share
similar chemotactic or antimicrobial mechanisms [62]. In addition to thrombin, the direct
S. aureus/platelets interaction leads to kinocidins secretion through an ADP-dependent
mechanism, in such a way that ADP degradation, or the use of antagonists of its receptors
(P2X1 and P2Y12), prevents S. aureus clearance [63].

Finally, it is essential to mention some inconsistencies among different authors about
the microbicidal activity of platelet kinocidins, maybe attributable to the experimental
conditions or the microorganism type used in each investigation. For example, the studies
performed by Cole AM et al. did not detect the antimicrobial capability of the chemokine
RANTES against E. coli and L. monocytogenes at neutral pH [64]. The findings of Yang et al.
ruled out the antimicrobial function of RANTES against E. coli and S. aureus at pH 7.4.
Nevertheless, despite these variations, the authors detected variable antimicrobial activity
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against these pathogens using other chemokines identified in platelets: CXCL1, CXCL2,
CXCL10, CXCL12, CXCL14, CCL17, and CCL20 [65]. Because there are more kinocidins in
platelets, a complete list is included in Table 1 that summarizes their microbicidal activity
and details their presence in human platelets. In conclusion, platelets can be activated
by vascular damage signals (thrombin and ADP) or by direct microorganism recognition,
leading to kinocidin releasing, which has microbicidal and chemoattractant functions for
the immune system cells (Figure 3).
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Figure 3. The activity of platelet antimicrobial chemokines/kinocidins. Nonactivated resting platelets
store antimicrobial chemokines/kinocidins. Highlighted in blue in the box are those mainly produced
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activation by agonists (ADP and thrombin), platelets release these molecules exerting dual functions,
i.e., antimicrobial and chemoattractant for immune cells.
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Table 1. Kinocidins in human platelets.

Chemokine Platelet Findings Target Microorganism

CXCL1 Presence of mRNA [66,67] E. coli, S. aureus, S. typhimurium and C. albicans [35,65]

CXCL2 Proteomic analysis [68] and
RNA sequencing [69] E. coli and S. aureus [65]

CXCL3 Proteomic analysis [68] and
RNA sequencing [69] E. coli and S. aureus [65]

CXCL4 Isolation and characterization [70] and
release by stimulation [71] E. coli, S. aureus, S. typhimurium and C. albicans [35,62]

CXCL6 Proteomic analysis [68] N. gonorrhoeae, E. faecalis, P. aeruginosa, S. pyogenes, S.
dysgalactiae subsp, S. aureus, E. coli, and B. subtilis [72,73]

CXCL7 Purification of the secretion product
and sequence analysis [33] E. coli, S. aureus and C. neoformans [33]

CXCL7 (fragment TC-1) Purification from granule-α and
sequence analysis [32] E. coli, B. subtilis, C. neoformans and S. aureus [32,74]

CXCL7 (fragment TC-2) Purification from granule-α and
sequence analysis [32] E. coli, S. aureus and B. subtilis [32]

CXCL12 Protein expression and release
by stimulation [75,76] E. coli and S. aureus [65]

CXCL14 Surface expression and release by
stimulation [77] E. coli, S. aureus, E.coli and C. albicans [65,78]

CCL5 Expression of mRNA [66] and release
by stimulation [79] E. coli, S. aureus and S. typhimurium, [33,35]

CCL15 Release by stimulation [80] E. coli, S. aureus [33]

CCL17 Release by stimulation (in vitro) and
during coagulation [80,81] E. coli, S. aureus [33]

5.2. Cationic Host Defense Peptides (CHDPs) in Platelets

Cationic host defense peptides (CHDPs), also known as antimicrobial peptides (AMPs),
are small, amphipathic peptides with less than 50 amino acids and a net positive charge
of +2 to +9 at physiological pH [82]. Cationic CHDPs primarily target anionic bacterial
membranes rich in phosphatidylglycerols; membrane-bound peptides can have several
mechanisms, including causing lipid clustering and membrane permeabilization, or even
membrane damage from carpet/toroidal models [83]. Membrane permeabilization of
target cells is an important event necessary for translocating certain CHDPs into their
cytoplasm. Furthermore, CHDPs target essential cellular processes, including DNA/RNA
and protein synthesis, protein folding, enzymatic activity, and cell wall synthesis [84].

The two main CHDPs in vertebrates are defensins and cathelicidins, which are synthe-
sized as immature peptides and, upon enzymatic cleavage, yield active peptides. Defensins
have a common β-laminin core, stabilized with three disulfide bridges between six con-
served cysteine residues, and are categorized into α-, β- and θ -defensins, based on their
cysteine residue bonds [36]. α-defensins are found only in some mammals, primarily ro-
dents and humans (HD, human defensins), where they have high expression in neutrophils,
hence α-defensins are also known as human neutrophil peptides (HNPs), corresponding to
HNPs 1-4. Additionally, in the human small intestine, Paneth cells express the α-defensins
HD-5 and -6 [85–87]. β-defensins are ubiquitous and present in all vertebrates; humans
have more than 30 genes coding for β-defensins, mainly expressed in epithelial cells [85].
Finally, cyclic θ-defensins have been identified in non-human primates [88].

The scientific knowledge of CHDPs in human platelets has significantly increased in
the last ten years because they have become noticeable in these cells. Tohidnezhad et al.
showed that human platelets contain β-defensins (HBD)-2 [89] and HBD-3 [90] and can
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secrete them after thrombin stimulation. This supernatant is microbicidal for multiple
bacterial strains. However, only HBD-3 contribution against E. coli and P. mirabillis was
demonstrated [89]. On the other hand, HBD-1 was also found in platelets at mRNA and
peptide levels outside α-granules; stimuli promoting platelet degranulation do not favor
HBD1 release. Yet, HBD1 release can be induced by α-toxin from S. aureus, a platelet
membrane permeabilizing molecule [91]. Impressively, platelet HBD-1 suppresses S. aureus
growth and triggers neutrophil extracellular traps (NETs) generation [91]. Our research
group described for the first time that platelets and megakaryocytes express both mRNA
and HNP-1 peptide; the latter is found within platelet α-granules, and stimuli promoting
platelet degranulation such as thrombin, recognized by PAR (protease-activated receptors)-
1, -4; lipopolysaccharide (LPS), recognized by TLR4; and ADP, recognized by P2Y1 and
P2Y12 receptors induce HNP-1 secretion [92]. Likewise, an in vitro differentiation system
revealed that megakaryocytes inherit both mRNA and HNP-1 peptides to nascent platelets,
which can also absorb this peptide from plasma. Importantly, platelet HNP-1 showed a
relevant microbicidal function by inhibiting E. coli growth [92] (Figure 4).
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Figure 4. Platelet immune and hemostatic functions through cationic host defense peptides (CHDPs). (a) Platelet CHDPs
arise as part of the arsenal inherited by their precursor cells or from extracellular uptake from plasma. (b) Some CHDPs
are stored within granules and are released upon recognizing activation-inducing components exposed during vascular
damage (collagen, thrombin, and ADP) or by the presence of microbial components (lipopolysaccharide). Taken together,
platelet CHDPs are capable of eliminating a great diversity of pathogens. (c) Platelets contain HBD1 in their cytoplasm,
and the presence of permeabilizing agents on the bacterial membrane (e.g., α-toxin) induces its release. HBD1 released
by platelets kills bacteria directly or through NETs induction. (d) CHDPs of platelet originated or produced by other cells
increase platelet activation (increased CD62P, GPIIb/IIIa surface expression, or TSP-1 and CD40L secretion), particularly
for LL-37, through recognizing FPR2 receptor. Human neutrophil peptide-1 (HNP-1), human beta defensin 1-3 (HBD1-3),
adenosine diphosphate (ADP), protease-activated receptors-1, -4 (PAR-1, -4), thrombospondin (TSP-1).
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Cathelicidins are also produced as immature peptides containing an amino-terminal
signal peptide, a cathelin-like domain, and a mature peptide at the carboxyl-terminal. Once
the peptide is secreted, the cathelin-like domain is cleaved by serine proteases [93]. The
only human cathelicidin is LL-37, one of several cleavage products of human cationic
antimicrobial protein 18 Kda (hCAP18), a product of the CAMP gene [94]. LL-37 has
a broad inhibition spectrum, including bacteria, fungi, and viruses [95]. Interestingly,
Salamah MF et al. identified LL-37 inside human platelets and showed that agonists such
as collagen, selective glycoprotein VI (GPVI) agonist (CRP-XL), and thrombin receptor acti-
vating peptide 6 (TRAP6) could induce its release [96]. In addition, LL-37-treated platelets
form more platelet-neutrophil aggregates, which in turn cause neutrophil activation, char-
acterized by increased CD11b integrin expression and reactive oxygen species (ROS) [97]
(Figure 4). Nevertheless, the relevance of platelet-derived LL-37 as a direct antimicrobial
peptide needs further investigation. Given that megakaryocytes share the common myeloid
progenitor (CMP) with neutrophils and monocytes, the presence of LL37 and other CHDPS
in peripheral blood platelets might derive from megakaryopoiesis [98,99].

An aspect of great interest is that CHDPs expressed in human platelets can induce
platelet activation and aggregation. HNP-1 has different effects on these cells, including
increased binding to fibrinogen, augmented surface expression of activated glycopro-
tein GP IIb/IIIa, thrombospondin 1 (TSP-1), CD62P, CD63, secretion of soluble CD40L,
and induction of platelet aggregation by forming amyloid-like structures, which can
bind microorganisms [97]. Several HNP-1-induced effects on platelets are also triggered
by LL-37, as human platelets express the LL-37 receptor, FPR2 (N-formyl peptide recep-
tor 2)/AXL [96,100] (Figure 4). Endogenous LL-37 is of great importance for normal platelet
activation because treatment of these cells with WRW4, an FPR2/AXL antagonist, inhibits
the activation of agonist (CRP-XL or ADP)-treated platelets, and bleeding times are longer
in Fpr2/3-deficient mice (an orthologous receptor for FPR2/AXL) [96]. Concerning these
findings, LL-37 is abundant in thrombi of acute myocardial infarction patients, as well as
CRAMP (a homologous molecule to LL37 in mice) in a model of carotid artery injury [100].
In addition to endogenous platelet CHDPs significance, it is necessary to consider the
supply of neutrophil-derived CHDPs and a bidirectional platelet–neutrophil activation
axis from CHDPs. In this sense, the importance of the adoptive transfer of CRAMP-treated
platelets favoring neutrophil extravasation to sites of traumatic inflammation has been
demonstrated [100].

5.3. RNAse 7

The most recent report of platelet antimicrobial molecules revealed that these cells
express RNase 7 in basal conditions or when infected with M. tuberculosis, showing its
localization within platelets by electron microscopy. Likewise, the authors detected the
presence of hPF4 and HBD-2. Despite this discovery, the results indicate that platelets do
not show direct antimycobacterial activity but secrete higher amounts of the proinflam-
matory cytokine IL-1β [37]. RNase 7 is an RNase with a cationic domain, which endows
microbicidal activity against a wide range of pathogens. RNase 7 is primarily produced by
epithelial cells, and different stimuli such as IL-17A, IFN-γ, IL-1β, and epidermal growth
factor (EGF) increase its release [101]. In this sense, it is relevant to consider that platelets
are the primary EGF producers in blood [102,103]; hence, through releasing this factor,
increased RNase 7production might be induced in epithelial cells, being an indirect platelet
mechanism participating in the innate immune response.

6. Platelet Antibacterial Molecules Participation against Other Infectious Agents
6.1. Antiviral Activity

During viral infections, platelets are not only bystander cells in the organism because
they exhibit alterations in their number and behavior [104,105]. Research has highlighted
the platelets’ role in favoring virus and host damage [106]. However, there is also evidence
of platelet contribution to virus elimination through various mechanisms, ranging from
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virus phagocytosis, ROS production, attraction, and activation of other immune cells [106]
and even by direct antiviral processes throughout kinocidins participation [107]. hPF4,
RANTES, and SDF-1 can suppress human immunodeficiency virus (HIV) infection in T
lymphocytes by different mechanisms. hPF4 interacts with the external domain of the en-
velope glycoprotein gp120, preventing the virus entry process [108,109]. RANTES interacts
with CD4 by blocking HIV binding to this receptor [110]. Finally, SDF-1 decreases CXCR4
surface expression, a coreceptor employed by HIV [111,112]. RANTES also participates in
herpes simplex virus (HSV) elimination by interacting with its envelope glycoprotein (gB)
and producing pores in the virions [113].

In addition to kinocidins, platelet-released CHDPs might perform an antiviral role.
However, it has not been explored yet. The above due to HNP 1-3 have shown a broad
antiviral activity against various viruses such as HIV [114], hepatitis C virus (HCV) [115],
and human papillomavirus (HPV) [116]. Similarly, HBD-2 and -3 inhibit HIV [117] and
vaccinia virus (VV) infections [118].

In this same sense, LL-37 has also shown a broad antiviral activity, including effects on
several influenza virus strains [119], HCV [120], and dengue virus serotype 2 (DENV-2) [121].
In the most recent and alarming pandemic originating from SARS-CoV-2 [122,123], there is
an evident platelet activation reflected by thrombocytopenia [124], high CD62P surface
expression, reduced aggregation time after agonist treatment, and increased spreading
on fibrinogen and collagen surfaces [125,126]. In COVID-19, the high hPF4 blood levels
indicate platelet activation and degranulation [126]. However, at this time, the role of
kinocidins and platelet-released CHDPs in SARS-CoV-2 infection remains unknown.

6.2. Antiparasitic Activity

Human platelets have been described as killing the responsible parasite of malaria
(P. falciparum) without affecting the host’s erythrocytes [127]. This mechanism is mediated
by platelet-secreted hPF4 and its interaction with Duffy antigen in the infected erythrocytes
with P. falciparum. [128]. In this sense, the research of hPF4 antiparasitic effects against
other protists such as T. cruzi or Leishmania species would be relevant. On the other hand,
LL-37 has been located in biopsies of patients with leishmaniasis, and the exposure of L.
major and L. aethiopica to recombinant LL-37 induces DNA fragmentation and death in a
dose-dependent manner [129]. Similarly, LL-37 and its peptide fragments (KR-12, KR-20,
and KS-30) reduce E. histolytica trophozoites integrity [130]. Likewise, the CHDPs LL-37,
HBD1, and HBD2 reduce C. parvum sporozoites infectivity, whose effect increases when
these CHDPs are combined with a neutralizing antibody targeting the apical complex of
C. parvum, essential for its infective capability [131]. These findings suggest that platelet-
derived kinocidins and CHDPs could play crucial protective roles in the pathogenesis of
parasitic diseases.

7. New Non-Microbicidal Pathways for Platelet Antimicrobial Molecules

This last section explores some additional functions where platelet antimicrobial
molecules can contribute. Beyond the microbicidal response, platelet kinocidins and
CHDPs may also participate in other pathological processes such as cancer (explored in
this section), autoimmunity [132], wound repair [133], and fibrosis [134]. The above aims
to propose new possible platelet functions of their microbicidal molecules.

7.1. Immunoregulation

The relevance of platelet kinocidins is widely described, primarily due to their
chemoattractant activity towards different leukocyte populations (monocytes, neutrophils,
T and B lymphocytes, among others) [135]. In addition, kinocidins can regulate im-
mune function in other ways. hPF4 inhibits interferon-α production in DENV-infected
monocytes [136]. hPF4 and RANTES induce pro- and anti-inflammatory cytokines produc-
tion in CD4 + T lymphocytes and their differentiation to Th1 and Th17 effector cells [137].
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These facts highlight the relevant microbicidal role of platelet chemokines in immunoregu-
lation and the need to search for new action mechanisms on immune cells.

There is now a better understanding of CHDPs ability for direct leukocytes recruit-
ment. For example, HNP1 is a potent chemoattractant for T lymphocytes [138] and imma-
ture dendritic cells [139], whereas LL-37 is a chemoattractant for monocytes, neutrophils,
eosinophils, and T lymphocytes, since these cell lineages express formyl peptide receptor-
like 1 (FPRL1) [140,141]. Indirectly, LL-37 may favor leukocyte recruitment by increasing IL-
1β and MCP-1 cytokines expression in whole blood and human epithelial cells [142], while
HBD-2 and -3 stimulate keratinocytes to increase the expression and production of inflam-
matory cytokines IL-6, IP-10, MCP-1, MIP-3α, and RANTES [143]. Regarding the adaptive
immune response polarization, some evidence shows that LL-37 and HBD-2, -3 can in-
duce dendritic cells maturation and the subsequent Th1 lymphocytes generation [144–146];
similarly, HBD-2 and -3 favor plasmacytoid dendritic cells activation and the consequent
IFN-α production [147]. Moreover, platelets express functional Toll-like receptors (TLRs)-1
to -10 [10], such that TLR4 stimulation with LPS in platelets and megakaryoblasts leads
to HNP-1 secretion [92], whereas platelets stimulation with polyinosinic: polycytidylic
acid (poly IC), the TLR3 ligand, leads to increased hPF4 secretion [148]. Parallelly, CHDPs
can bind TLRs and modulate their activation, and LL-37 and HBD3 modulate the TLR4
signaling pathway, inhibiting inflammation in vitro and in vivo [149–153].

In sepsis patients, CHDPs levels are elevated in the bloodstream. This effect is associ-
ated with poor prognosis and, given that neutrophils are also present high numbers in this
condition, CHDPs levels are deemed mainly derived from neutrophils secretion [154–158].
On the other hand, platelet activation in sepsis patients is evident by increased CD62P,
TLR4, and protease-activated receptor 1 (PAR1) surface expression [159], as well as an
increased hPF4 amount and platelet-derived microparticles [160]. In this scenario, platelets
and megakaryocytes might contribute to these patients’ high CHDPs concentrations and
the subsequent multifunctional effects mentioned above.

7.2. Anticancer Activity

CHDPs can also employ the membrane disruption mechanism described to kill bac-
teria to destroy cancer cells [161]. The above is due to detecting intracellular targets
and altered qualities in the cancer cell membrane that distinguish them from normal
cells [162–164]. HNPs disrupt the nucleus and membrane integrity [165] and counteract the
proliferation of A549 cells (lung carcinoma) by inhibiting mitosis and angiogenesis. In addi-
tion, HNPs induce apoptosis and leucocyte infiltration to arrest tumor growth in a murine
model [166], while HBD-1 and -3 act mainly by membrane permeabilization [167], leading
to caspase-dependent apoptosis in tumor cells without damaging normal cells [168].

LL-37 exhibits antitumor activity by inducing apoptosis and mitochondria membrane
depolarization in oral squamous cell carcinoma cells (OSCC) without causing death in
the immortalized human keratinocytes HaCaT cell line [169]. In addition, LL-37 can in-
duce apoptosis of colon cancer cells as well as T lymphocyte tumor cells (Jurkat cells)
in a calpain-dependent manner and nuclear translocation of the pro-apoptotic factors
AIF (apoptosis-inducing factor) and EndoG (endonuclease G) through overexpression of
p53-dependent members of the Bcl-2 family (Bax and Bak), triggering DNA fragmentation,
chromatin condensation, loss of mitochondrial membrane potential and phosphatidylserine
externalization (apoptosis signals) [170,171]. Finally, Figure 5 outlines the described func-
tions of human platelet antimicrobial molecules and the new functions yet to be explored.



Int. J. Mol. Sci. 2021, 22, 10230 13 of 20Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 13 of 20 
 

 

 
Figure 5. Functions described and probably exerted by antimicrobial molecules present in human 
platelets. Platelet-derived kinocidins and CHDPs participate in various scenarios, such as the direct 
microorganism killing, platelet activation and aggregation, and immune cells chemotaxis. Never-
theless, new contexts for and participation of platelet-derived antimicrobial molecules should be 
extensively explored, e.g., immunomodulation, antiviral and anticancer activity, among a plethora 
of potential functions. 

8. Conclusions 
In the scenario described so far, platelet activation due to recognizing vascular dam-

age signals, inflammatory mediators, or direct detection of infectious agents leads to re-
leasing kinocidins and CHDPs. Such platelet activation products are per se endowed with 
direct microbicidal activity, and, additionally, they can act as chemoattractants for other 
immune cells and platelet aggregation inducers. However, there is still a long way to dis-
cover other molecules with antimicrobial activity in platelets and their impact on the im-
mune response. Finally, the multifunctional characteristics of kinocidins and CHDPs se-
creted by platelets open new possibilities for the participation of these cells in different 
biological processes. 

Author Contributions: Conceptualization, S.R.A.-R., A.S.A.-D. and M.d.l.A.R.-T.; investigation, A.S.A.-
D. and S.R.A.-R.; writing—original draft preparation, A.S.A.-D. and S.R.A.-R.; writing—review and ed-
iting, S.R.A.-R., A.S.A.-D., M.d.l.A.R.-T. and H.T.-A.; and supervision, S.R.A.-R., M.d.l.A.R.-T. and H.T.-
A. All authors have read and agreed to the published version of the manuscript. 

Funding: This research did not receive funding. 

Data Availability Statement: Not applicable. 

Acknowledge: The sequences of PMP-1 (rabbit) and hPF4 (human) were obtained from NCBI (Na-
tional Center for Biotechnology Information) and analyzed with Clustal Omega, Jalview, or SWISS-
MODEL. 

Conflicts of interest: The authors declare that there are no conflicts of interest. 

References 
1. Semple, J.W.; Italiano, J.E., Jr.; Freedman, J. Platelets, and the immune continuum. Nat. Rev. Immunol. 2011, 11, 264–274, 

doi:10.1038/nri2956. 
2. Gremmel, T.; Frelinger, A.L., III; Michelson, A.D. Platelet physiology. Semin. Thromb. Hemost. 2016, 42, 191–204, doi:10.1055/s-

0035-1564835. 
3. Morrell, C.N.; Aggrey, A.A.; Chapman, L.M.; Modjeski, K.L. Emerging roles for platelets as immune and inflammatory cells. 

Blood 2014, 123, 2759–2767, doi:10.1182/blood-2013-11-462432. 

Figure 5. Functions described and probably exerted by antimicrobial molecules present in human
platelets. Platelet-derived kinocidins and CHDPs participate in various scenarios, such as the
direct microorganism killing, platelet activation and aggregation, and immune cells chemotaxis.
Nevertheless, new contexts for and participation of platelet-derived antimicrobial molecules should
be extensively explored, e.g., immunomodulation, antiviral and anticancer activity, among a plethora
of potential functions.

8. Conclusions

In the scenario described so far, platelet activation due to recognizing vascular damage
signals, inflammatory mediators, or direct detection of infectious agents leads to releasing
kinocidins and CHDPs. Such platelet activation products are per se endowed with direct
microbicidal activity, and, additionally, they can act as chemoattractants for other immune
cells and platelet aggregation inducers. However, there is still a long way to discover other
molecules with antimicrobial activity in platelets and their impact on the immune response.
Finally, the multifunctional characteristics of kinocidins and CHDPs secreted by platelets
open new possibilities for the participation of these cells in different biological processes.

Author Contributions: Conceptualization, S.R.A.-R., A.S.A.-D. and M.d.l.A.R.-T.; investigation,
A.S.A.-D. and S.R.A.-R.; writing—original draft preparation, A.S.A.-D. and S.R.A.-R.; writing—review
and editing, S.R.A.-R., A.S.A.-D., M.d.l.A.R.-T. and H.T.-A.; and supervision, S.R.A.-R., M.d.l.A.R.-T.
and H.T.-A. All authors have read and agreed to the published version of the manuscript.

Funding: This research did not receive funding.

Data Availability Statement: Not applicable.

Acknowledgments: The sequences of PMP-1 (rabbit) and hPF4 (human) were obtained from NCBI
(National Center for Biotechnology Information) and analyzed with Clustal Omega, Jalview, or
SWISS-MODEL.

Conflicts of Interest: The authors declare that there are no conflict of interest.

References
1. Semple, J.W.; Italiano, J.E., Jr.; Freedman, J. Platelets, and the immune continuum. Nat. Rev. Immunol. 2011, 11, 264–274. [CrossRef]
2. Gremmel, T.; Frelinger, A.L., III; Michelson, A.D. Platelet physiology. Semin. Thromb. Hemost. 2016, 42, 191–204. [CrossRef]

[PubMed]

http://doi.org/10.1038/nri2956
http://doi.org/10.1055/s-0035-1564835
http://www.ncbi.nlm.nih.gov/pubmed/26926581


Int. J. Mol. Sci. 2021, 22, 10230 14 of 20

3. Morrell, C.N.; Aggrey, A.A.; Chapman, L.M.; Modjeski, K.L. Emerging roles for platelets as immune and inflammatory cells.
Blood 2014, 123, 2759–2767. [CrossRef]

4. Koupenova, M.; Kehrel, B.E.; Corkrey, H.A.; Freedman, J.E. Thrombosis and platelets: An update. Eur. Heart J. 2017, 38, 785–791.
[CrossRef]

5. Ciferri, S.; Emiliani, C.; Guglielmini, G.; Orlacchio, A.; Nenci, G.G.; Gresele, P. Platelets release their lysosomal content in vivo in
humans upon activation. Thromb. Haemost. 2000, 83, 157–164. [CrossRef] [PubMed]

6. Weyrich, A.S.; Schwertz, H.; Kraiss, L.W.; Zimmerman, G.A. Protein synthesis by platelets: Historical and new perspectives. J.
Thromb. Haemost. 2009, 7, 241–246. [CrossRef] [PubMed]

7. Ghoshal, K.; Bhattacharyya, M. Overview of platelet physiology: Its hemostatic and nonhemostatic role in disease pathogenesis.
Sci. World J. 2014, 2014, 1–16. [CrossRef] [PubMed]

8. Jurk, K.; Kehrel, B.E. Platelets: Physiology and biochemistry. Semin. Thromb. Hemost. 2005, 31, 381–392. [CrossRef]
9. Koupenova, M.; Clancy, L.; Corkrey, H.A.; Freedman, J.E. Circulating platelets as mediators of immunity, inflammation, and

thrombosis. Circ. Res. 2018, 122, 337–351. [CrossRef]
10. Hally, K.; Fauteux-Daniel, S.; Hamzeh-Cognasse, H.; Larsen, P.; Cognasse, F. Revisiting platelets and toll-like receptors (TLRs): At

the interface of vascular immunity and thrombosis. Int. J. Mol. Sci. 2020, 21, 6150. [CrossRef]
11. Nording, H.; Langer, H.F. Complement links platelets to innate immunity. Semin. Immunol. 2018, 37, 43–52. [CrossRef] [PubMed]
12. Qiao, J.; Al-Tamimi, M.; Baker, R.; Andrews, R.K.; Gardiner, E.E. The platelet Fc receptor, FcγRIIa. Immunol. Rev. 2015,

268, 241–252. [CrossRef]
13. Brown, G.T.; Narayanan, P.; Li, W.; Silverstein, R.L.; McIntyre, T.M. Lipopolysaccharide stimulates platelets through an IL-1β

autocrine loop. J. Immunol. 2013, 191, 5196–5203. [CrossRef]
14. Beaulieu, L.M.; Lin, E.; Mick, E.; Koupenova, M.; Weinberg, E.O.; Kramer, C.D.; Genco, C.A.; Tanriverdi, K.; Larson, M.G.;

Benjamin, E.; et al. Interleukin 1 receptor 1 and interleukin 1β regulate megakaryocyte maturation, platelet activation, and
transcript profile during inflammation in mice and humans. Arter. Thromb. Vasc. Biol. 2014, 34, 552–564. [CrossRef] [PubMed]

15. Limb, G.A.; Webster, L.; Soomro, H.; Janikoun, S.; Shilling, J. Platelet expression of tumour necrosis factor-alpha (TNF-α), TNF
receptors and intercellular adhesion molecule-1 (ICAM-1) in patients with proliferative diabetic retinopathy. Clin. Exp. Immunol.
1999, 118, 213–218. [CrossRef]

16. Pignatelli, P.; de Biase, L.; Lenti, L.; Tocci, G.; Brunelli, A.; Cangemi, R.; Riondino, S.; Grego, S.; Volpe, M.; Violi, F. Tumor necrosis
factor-α as trigger of platelet activation in patients with heart failure. Blood 2005, 106, 1992–1994. [CrossRef]

17. Von Hundelshausen, P.; Schmitt, M.M.N. Platelets and their chemokines in atherosclerosis—Clinical applications. Front. Physiol.
2014, 5, 294. [CrossRef] [PubMed]

18. Dib, P.R.B.; Quirino-Teixeira, A.C.; Merij, L.B.; Pinheiro, M.B.M.; Rozini, S.V.; Andrade, F.B.; Hottz, E.D. Innate immune receptors
in platelets and platelet-leukocyte interactions. J. Leukoc. Biol. 2020, 108, 1157–1182. [CrossRef]

19. Elzey, B.D.; Tian, J.; Jensen, R.J.; Swanson, A.K.; Lees, J.; Lentz, S.; Stein, C.S.; Nieswandt, B.; Wang, Y.; Davidson, B.L.; et al.
Platelet-mediated modulation of adaptive immunity: A communication link between innate and adaptive immune compartments.
Immunity 2003, 19, 9–19. [CrossRef]

20. Chapman, L.M.; Aggrey, A.A.; Field, D.J.; Srivastava, K.; Ture, S.; Yui, K.; Topham, D.J.; Baldwin, W.M.; Morrell, C.N. Platelets
present antigen in the context of MHC class I. J. Immunol. 2012, 189, 916–923. [CrossRef]

21. Colberg, L.; Cammann, C.; Greinacher, A.; Seifert, U. Structure and function of the ubiquitin-proteasome system in platelets. J.
Thromb. Haemost. 2020, 18, 771–780. [CrossRef]

22. Klockenbusch, C.; Walsh, G.M.; Brown, L.M.; Hoffman, M.D.; Ignatchenko, V.; Kislinger, T.; Kast, J. Global proteome analysis
identifies active immunoproteasome subunits in human platelets. Mol. Cell. Proteom. 2014, 13, 3308–3319. [CrossRef]

23. Yeaman, M.R. Platelets in defense against bacterial pathogens. Cell. Mol. Life Sci. 2009, 67, 525–544. [CrossRef] [PubMed]
24. Karshovska, E.; Weber, C.; von Hundelshausen, P. Platelet chemokines in health and disease. Thromb. Haemost. 2013, 110, 894–902.

[CrossRef] [PubMed]
25. Silva, O.N.; Porto, W.F.; Ribeiro, S.; Batista, I.; Franco, O.L. Host-defense peptides and their potential use as biomarkers in human

diseases. Drug Discov. Today 2018, 23, 1666–1671. [CrossRef] [PubMed]
26. Kumar, P.; Kizhakkedathu, J.N.; Straus, S.K. Antimicrobial peptides: Diversity, mechanism of action and strategies to improve the

activity and biocompatibility in vivo. Biomolecules 2018, 8, 4. [CrossRef] [PubMed]
27. Bakogiannis, C.; Sachse, M.; Stamatelopoulos, K.; Stellos, K. Platelet-derived chemokines in inflammation and atherosclerosis.

Cytokine 2019, 122, 154157. [CrossRef] [PubMed]
28. Carroll, S.F.; Martinez, R.J. Antibacterial peptide from normal rabbit serum. 2. Compositional microanalysis. Biochemistry 1981,

20, 5981–5987. [CrossRef] [PubMed]
29. Yeaman, M.R.; Norman, D.C.; Bayer, A.S. Staphylococcus aureus susceptibility to thrombin-induced platelet microbicidal protein is

independent of platelet adherence and aggregation in vitro. Infect. Immun. 1992, 60, 2368–2374. [CrossRef] [PubMed]
30. Koo, S.P.; Yeaman, M.R.; Bayer, A.S. Staphylocidal action of thrombin-induced platelet microbicidal protein is influenced by

microenvironment and target cell growth phase. Infect. Immun. 1996, 64, 3758–3764. [CrossRef]
31. Yeaman, M.R.; Norman, D.C.; Bayer, A.S. Platelet microbicidal protein enhances antibiotic-induced killing of and postantibiotic

effect in Staphylococcus aureus. Antimicrob. Agents Chemother. 1992, 36, 1665–1670. [CrossRef] [PubMed]

http://doi.org/10.1182/blood-2013-11-462432
http://doi.org/10.1093/eurheartj/ehw550
http://doi.org/10.1055/s-0037-1613772
http://www.ncbi.nlm.nih.gov/pubmed/10669170
http://doi.org/10.1111/j.1538-7836.2008.03211.x
http://www.ncbi.nlm.nih.gov/pubmed/18983498
http://doi.org/10.1155/2014/781857
http://www.ncbi.nlm.nih.gov/pubmed/24729754
http://doi.org/10.1055/s-2005-916671
http://doi.org/10.1161/CIRCRESAHA.117.310795
http://doi.org/10.3390/ijms21176150
http://doi.org/10.1016/j.smim.2018.01.003
http://www.ncbi.nlm.nih.gov/pubmed/29426568
http://doi.org/10.1111/imr.12370
http://doi.org/10.4049/jimmunol.1300354
http://doi.org/10.1161/ATVBAHA.113.302700
http://www.ncbi.nlm.nih.gov/pubmed/24458711
http://doi.org/10.1046/j.1365-2249.1999.01067.x
http://doi.org/10.1182/blood-2005-03-1247
http://doi.org/10.3389/fphys.2014.00294
http://www.ncbi.nlm.nih.gov/pubmed/25152735
http://doi.org/10.1002/JLB.4MR0620-701R
http://doi.org/10.1016/S1074-7613(03)00177-8
http://doi.org/10.4049/jimmunol.1200580
http://doi.org/10.1111/jth.14730
http://doi.org/10.1074/mcp.M113.031757
http://doi.org/10.1007/s00018-009-0210-4
http://www.ncbi.nlm.nih.gov/pubmed/20013024
http://doi.org/10.1160/TH13-04-0341
http://www.ncbi.nlm.nih.gov/pubmed/23783401
http://doi.org/10.1016/j.drudis.2018.05.024
http://www.ncbi.nlm.nih.gov/pubmed/29803935
http://doi.org/10.3390/biom8010004
http://www.ncbi.nlm.nih.gov/pubmed/29351202
http://doi.org/10.1016/j.cyto.2017.09.013
http://www.ncbi.nlm.nih.gov/pubmed/29198385
http://doi.org/10.1021/bi00524a009
http://www.ncbi.nlm.nih.gov/pubmed/7306487
http://doi.org/10.1128/iai.60.6.2368-2374.1992
http://www.ncbi.nlm.nih.gov/pubmed/1587603
http://doi.org/10.1128/iai.64.9.3758-3764.1996
http://doi.org/10.1128/AAC.36.8.1665
http://www.ncbi.nlm.nih.gov/pubmed/1416849


Int. J. Mol. Sci. 2021, 22, 10230 15 of 20

32. Krijgsveld, J.; Zaat, S.A.; Meeldijk, J.; van Veelen, P.A.; Fang, G.; Poolman, B.; Brandt, E.; Ehlert, J.E.; Kuijpers, A.J.;
Engbers, G.H.; et al. Thrombocidins, microbicidal proteins from human blood platelets, are C-terminal deletion products of CXC
chemokines. J. Biol. Chem. 2000, 275, 20374–20381. [CrossRef] [PubMed]

33. Tang, Y.-Q.; Yeaman, M.R.; Selsted, M.E. Antimicrobial peptides from human platelets. Infect. Immun. 2002, 70, 6524–6533.
[CrossRef]

34. Yount, N.Y.; Gank, K.D.; Xiong, Y.Q.; Bayer, A.S.; Pender, T.; Welch, W.H.; Yeaman, M.R. Platelet microbicidal protein 1: Structural
themes of a multifunctional antimicrobial peptide. Antimicrob. Agents Chemother. 2004, 48, 4395–4404. [CrossRef] [PubMed]

35. Yount, N.; Waring, A.J.; Gank, K.D.; Welch, W.H.; Kupferwasser, D.; Yeaman, M.R. Structural correlates of antimicrobial efficacy
in IL-8 and related human kinocidins. Biochim. Biophys. Acta BBA Biomembr. 2007, 1768, 598–608. [CrossRef] [PubMed]

36. Pasupuleti, M.; Schmidtchen, A.; Malmsten, M. Antimicrobial peptides: Key components of the innate immune system. Crit. Rev.
Biotechnol. 2012, 32, 143–171. [CrossRef]

37. Torres-Juarez, F.; Trejo-Martínez, L.A.; Layseca-Espinosa, E.; Leon-Contreras, J.C.; Enciso-Moreno, J.A.; Hernandez-Pando, R.;
Rivas-Santiago, B. Platelets immune response against Mycobacterium tuberculosis infection. Microb. Pathog. 2021, 153, 104768.
[CrossRef]

38. Skarnes, R.C.; Watson, D.W. Antimicrobial factors of normal tissues and fluids. Bacteriol. Rev. 1957, 21, 273–294. [CrossRef]
39. Donaldson, D.M.; Marcus, S. Studies on serum bactericidal activity; interrelationships of heparin, citrate, protamine and

xirra-diation on serum and plasma bactericidal activity against Bacillus subtilis. J. Immunol. 1958, 81, 292–296.
40. Hunder, G.G.; Jacox, R.F. Experimentally induced alterations of the bactericidal property of rabbit serum for Bacillus subtilis:

I. Effects of total body X-ray irradiation, intravenous administration of immune platelet serum, thorotrast and intraperitoneal
injection of endotoxin. J. Immunol. 1963, 90, 540–547.

41. Hirsch, J.G. Comparative bactericidal activities of blood serum and plasma serum. J. Exp. Med. 1960, 112, 15–22. [CrossRef]
42. Myrvik, Q.N.; Leake, E.S. Studies on antibacterial factors in mammalian tissues and fluids: IV. Demonstration of two nondialyzable

components in the serum bactericidin system for Bacillus subtilis. J. Immunol. 1960, 84, 247.
43. Jago, R.; Jacox, R.F. Cellular source and character of a heat-stable bactericidal property associated with rabbit and rat platelets. J.

Exp. Med. 1961, 113, 701–711. [CrossRef] [PubMed]
44. Carroll, S.F.; Martinez, R.J. Antibacterial peptide from normal rabbit serum. 1. Isolation from whole serum, activity, and

microbicidal spectrum. Biochemistry 1981, 20, 5973–5981. [CrossRef] [PubMed]
45. Carroll, S.F.; Martinez, R.J. Antibacterial peptide from normal rabbit serum. 3. Inhibition of microbial electron transport.

Biochemistry 1981, 20, 5988–5994. [CrossRef]
46. Weksler, B.B.; Nachman, R.L. Rabbit platelet bactericidal protein. J. Exp. Med. 1971, 134, 1114–1130. [CrossRef] [PubMed]
47. Yeaman, M.R.; Ibrahim, A.S.; Edwards, J.E.; Bayer, A.S.; Ghannoum, M.A. Thrombin-induced rabbit platelet microbicidal protein

is fungicidal in vitro. Antimicrob. Agents Chemother. 1993, 37, 546–553. [CrossRef] [PubMed]
48. Yeaman, M.R.; Soldan, S.S.; Ghannoum, M.A.; Edwards, J.E., Jr.; Filler, S.G.; Bayer, A.S. Resistance to platelet microbicidal protein

results in increased severity of experimental Candida albicans endocarditis. Infect. Immun. 1996, 64, 1379–1384. [CrossRef] [PubMed]
49. Yeaman, M.R.; Sullam, P.M.; Dazin, P.F.; Bayer, A.S. Platelet microbicidal protein alone and in combination with antibiotics

reduces Staphylococcus aureus adherence to platelets in vitro. Infect. Immun. 1994, 62, 3416–3423. [CrossRef]
50. Yeaman, M.R.; Sullam, P.M.; Dazin, P.F.; Ghannoum, M.A.; Edwards, J.E., Jr.; Bayer, A.S. Fluconazole and platelet microbicidal

protein inhibit Candida adherence to platelets in vitro. Antimicrob. Agents Chemother. 1994, 38, 1460–1465. [CrossRef]
51. Yeaman, M.R.; Puentes, S.M.; Norman, D.C.; Bayer, A.S. Partial characterization and staphylocidal activity of thrombin-induced

platelet microbicidal protein. Infect. Immun. 1992, 60, 1202–1209. [CrossRef] [PubMed]
52. Yeaman, M.R.; Tang, Y.Q.; Shen, A.J.; Bayer, A.S.; Selsted, M.E. Purification and in vitro activities of rabbit platelet microbicidal

proteins. Infect. Immun. 1997, 65, 1023–1031. [CrossRef] [PubMed]
53. Koo, S.-P.; Bayer, A.S.; Kagan, B.L.; Yeaman, M.R. Membrane permeabilization by thrombin-induced platelet microbicidal protein

1 is modulated by transmembrane voltage polarity and magnitude. Infect. Immun. 1999, 67, 2475–2481. [CrossRef]
54. Koo, S.-P.; Yeaman, M.R.; Nast, C.C.; Bayer, A.S. The cytoplasmic membrane is a primary target for the staphylocidal action of

thrombin-induced platelet microbicidal protein. Infect Immun. 1997, 65, 4795–4800. [CrossRef] [PubMed]
55. Yeaman, M.R.; Bayer, A.S.; Koo, S.P.; Foss, W.; Sullam, P.M. Platelet microbicidal proteins and neutrophil defensin disrupt the

Staphylococcus aureus cytoplasmic membrane by distinct mechanisms of action. J. Clin. Investig. 1998, 101, 178–187. [CrossRef]
[PubMed]

56. Xiong, Y.-Q.; Yeaman, M.R.; Bayer, A.S. In vitro antibacterial activities of platelet microbicidal protein and neutrophil defensin
against Staphylococcus aureus are influenced by antibiotics differing in mechanism of action. Antimicrob. Agents Chemother. 1999,
43, 1111–1117. [CrossRef]

57. Kupferwasser, L.I.; Skurray, R.A.; Brown, M.; Firth, N.; Yeaman, M.R.; Bayer, A.S. Plasmid-mediated resistance to thrombin-
induced platelet microbicidal protein in staphylococci: Role of the qacA locus. Antimicrob. Agents Chemother. 1999, 43, 2395–2399.
[CrossRef]

58. Mukhopadhyay, K.; Whitmire, W.; Xiong, Y.Q.; Molden, J.; Jones, T.; Peschel, A.; Staubitz, P.; Adler-Moore, J.; McNamara, P.J.;
Proctor, R.A.; et al. In vitro susceptibility of Staphylococcus aureus to thrombin-induced platelet microbicidal protein-1 (tPMP-1) is
influenced by cell membrane phospholipid composition and asymmetry. Microbiology 2007, 153, 1187–1197. [CrossRef]

http://doi.org/10.1074/jbc.275.27.20374
http://www.ncbi.nlm.nih.gov/pubmed/10877842
http://doi.org/10.1128/IAI.70.12.6524-6533.2002
http://doi.org/10.1128/AAC.48.11.4395-4404.2004
http://www.ncbi.nlm.nih.gov/pubmed/15504869
http://doi.org/10.1016/j.bbamem.2006.11.011
http://www.ncbi.nlm.nih.gov/pubmed/17208195
http://doi.org/10.3109/07388551.2011.594423
http://doi.org/10.1016/j.micpath.2021.104768
http://doi.org/10.1128/br.21.4.273-294.1957
http://doi.org/10.1084/jem.112.1.15
http://doi.org/10.1084/jem.113.4.701
http://www.ncbi.nlm.nih.gov/pubmed/13789187
http://doi.org/10.1021/bi00524a008
http://www.ncbi.nlm.nih.gov/pubmed/6796108
http://doi.org/10.1021/bi00524a010
http://doi.org/10.1084/jem.134.5.1114
http://www.ncbi.nlm.nih.gov/pubmed/5000106
http://doi.org/10.1128/AAC.37.3.546
http://www.ncbi.nlm.nih.gov/pubmed/8460923
http://doi.org/10.1128/iai.64.4.1379-1384.1996
http://www.ncbi.nlm.nih.gov/pubmed/8606104
http://doi.org/10.1128/iai.62.8.3416-3423.1994
http://doi.org/10.1128/AAC.38.7.1460
http://doi.org/10.1128/iai.60.3.1202-1209.1992
http://www.ncbi.nlm.nih.gov/pubmed/1541535
http://doi.org/10.1128/iai.65.3.1023-1031.1997
http://www.ncbi.nlm.nih.gov/pubmed/9038312
http://doi.org/10.1128/IAI.67.5.2475-2481.1999
http://doi.org/10.1128/iai.65.11.4795-4800.1997
http://www.ncbi.nlm.nih.gov/pubmed/9353067
http://doi.org/10.1172/JCI562
http://www.ncbi.nlm.nih.gov/pubmed/9421480
http://doi.org/10.1128/AAC.43.5.1111
http://doi.org/10.1128/AAC.43.10.2395
http://doi.org/10.1099/mic.0.2006/003111-0


Int. J. Mol. Sci. 2021, 22, 10230 16 of 20

59. Dankert, J. Role of Platelets in Early Pathogenesis of Viridans Group Streptococcal Endocarditis: A Study on Thrombodefensins:
A Study in Which Penicillin Tolerance is Shown to be Associated with Increased Virulence. Ph.D. Thesis, University of Groningen,
Groningen, The Netherlands, 1988.

60. Zaat, S.A.J.; Koper, M.; Grasselier, H.; Meeldijk, J.; Krijgsveld, J.; Dankert, J. Cell-adherent glucan does not protect endocarditis-
causing viridans streptococci against bactericidal proteins from human blood platelets. Cancer Biol. Nucl. Envel. 1997, 418, 709–712.
[CrossRef]

61. Zhang, X.; Chen, L.; Bancroft, D.P.; Lai, C.K.; Maione, T.E. Crystal structure of recombinant human platelet factor 4. Biochemistry
1994, 33, 8361–8366. [CrossRef] [PubMed]

62. Yeaman, M.R.; Yount, N.; Waring, A.J.; Gank, K.D.; Kupferwasser, D.; Wiese, R.; Bayer, A.S.; Welch, W.H. Modular determinants of
antimicrobial activity in platelet factor-4 family kinocidins. Biochim. Biophys. Acta BBA Biomembr. 2007, 1768, 609–619. [CrossRef]

63. Trier, D.A.; Gank, K.D.; Kupferwasser, D.; Yount, N.Y.; French, W.J.; Michelson, A.D.; Kupferwasser, L.I.; Xiong, Y.Q.; Bayer, A.S.;
Yeaman, M.R. Platelet antistaphylococcal responses occur through P2X 1 and P2Y 12 receptor-induced activation and kinocidin
release. Infect. Immun. 2008, 76, 5706–5713. [CrossRef] [PubMed]

64. Cole, A.M.; Ganz, T.; Liese, A.M.; Burdick, M.D.; Liu, L.; Strieter, R.M. Cutting edge: IFN-inducible ELR−CXC chemokines
display defensin-like antimicrobial activity. J. Immunol. 2001, 167, 623–627. [CrossRef] [PubMed]

65. Yang, D.; Chen, Q.; Hoover, D.M.; Staley, P.; Tucker, K.D.; Lubkowski, J.; Oppenheim, J.J. Many chemokines including CCL20/MIP-
3α display antimicrobial activity. J. Leukoc. Biol. 2003, 74, 448–455. [CrossRef]

66. Power, C.A.; Clemetson, J.M.; Clemetson, K.J.; Wells, T.N. Chemokine and chemokine receptor mRNA expression in human
platelets. Cytokine 1995, 7, 479–482. [CrossRef]

67. Collinson, R.J.; Mazza-Parton, A.; Fuller, K.A.; Linden, M.D.; Erber, W.N.; Guo, B.B. Gene expression of CXCL1 (GRO-α) and EGF
by platelets in myeloproliferative neoplasms. HemaSphere 2020, 4, e490. [CrossRef] [PubMed]

68. Burkhart, J.M.; Vaudel, M.; Gambaryan, S.; Radau, S.; Walter, U.; Martens, L.; Geiger, J.; Sickmann, A.; Zahedi, R.P. The first
comprehensive and quantitative analysis of human platelet protein composition allows the comparative analysis of structural
and functional pathways. Blood 2012, 120, e73–e82. [CrossRef] [PubMed]

69. Rowley, J.W.; Oler, A.J.; Tolley, N.D.; Hunter, B.N.; Low, E.N.; Nix, D.A.; Yost, C.C.; Zimmerman, G.A.; Weyrich, A. Genome-wide
RNA-seq analysis of human and mouse platelet transcriptomes. Blood 2011, 118, e101–e111. [CrossRef] [PubMed]

70. Levine, S.P.; Wohl, H. Human platelet factor 4: Purification and characterization by affinity chromatography. Purification of
human platelet factor 4. J. Biol. Chem. 1976, 251, 324–328. [CrossRef]

71. Youssef, A.; Barkhan, P. Release of platelet factor 4 by adenosine diphosphate and other platelet-aggregating agents. BMJ 1968,
1, 746–747. [CrossRef]

72. Collin, M.; Linge, H.; Bjartell, A.; Giwercman, A.; Malm, J.; Egesten, A. Constitutive expression of the antibacterial CXC chemokine
GCP-2/CXCL6 by epithelial cells of the male reproductive tract. J. Reprod. Immunol. 2008, 79, 37–43. [CrossRef] [PubMed]

73. Jovic, S.; Linge, H.; Shikhagaie, M.M.; Olin, A.I.; Lannefors, L.; Erjefält, J.S.; Mörgelin, M.; Egesten, A. The neutrophil-recruiting
chemokine GCP-2/CXCL6 is expressed in cystic fibrosis airways and retains its functional properties after binding to extracellular
DNA. Mucosal Immunol. 2015, 9, 112–123. [CrossRef] [PubMed]

74. Kwakman, P.H.; Krijgsveld, J.; de Boer, L.; Nguyen, L.T.; Boszhard, L.; Vreede, J.; Dekker, H.L.; Speijer, D.; Drijfhout, J.W.;
te Velde, A.A.; et al. Native thrombocidin-1 and unfolded thrombocidin-1 exert antimicrobial activity via distinct structural
elements. J. Biol. Chem. 2011, 286, 43506–43514. [CrossRef] [PubMed]

75. Massberg, S.; Konrad, I.; Schürzinger, K.; Lorenz, M.; Schneider, S.; Zohlnhoefer, D.; Hoppe, K.; Schiemann, M.; Kennerknecht, E.;
Sauer, S.; et al. Platelets secrete stromal cell–derived factor 1α and recruit bone marrow–derived progenitor cells to arterial
thrombi in vivo. J. Exp. Med. 2006, 203, 1221–1233. [CrossRef]

76. Stellos, K.; Langer, H.; Daub, K.; Schoenberger, T.; Gauss, A.; Geisler, T.; Bigalke, B.; Mueller, I.; Schumm, M.; Schaefer, I.; et al.
Platelet-derived stromal cell–derived factor-1 regulates adhesion and promotes differentiation of human CD34+ cells to endothelial
progenitor cells. Circulation 2008, 117, 206–215. [CrossRef] [PubMed]

77. Witte, A.; Chatterjee, M.; Lang, F.; Gawaz, M. Platelets as a novel source of pro-inflammatory chemokine CXCL14. Cell. Physiol.
Biochem. 2017, 41, 1684–1696. [CrossRef]

78. Maerki, C.; Meuter, S.; Liebi, M.; Mühlemann, K.; Frederick, M.J.; Yawalkar, N.; Moser, B.; Wolf, M. Potent and broad-spectrum
antimicrobial activity of CXCL14 suggests an immediate role in skin infections. J. Immunol. 2008, 182, 507–514. [CrossRef]
[PubMed]

79. Kameyoshi, Y.; Dörschner, A.; Mallet, A.I.; Christophers, E.; Schröder, J.M. Cytokine RANTES released by thrombin-stimulated
platelets is a potent attractant for human eosinophils. J. Exp. Med. 1992, 176, 587–592. [CrossRef]

80. Jonnalagadda, D.; Izu, L.T.; Whiteheart, S. Platelet secretion is kinetically heterogeneous in an agonist-responsive manner. Blood
2012, 120, 5209–5216. [CrossRef]

81. Fujisawa, T.; Fujisawa, R.; Kato, Y.; Nakayama, T.; Morita, A.; Katsumata, H.; Nishimori, H.; Iguchi, K.; Kamiya, H.;
Gray, P.W.; et al. Presence of high contents of thymus and activation-regulated chemokine in platelets and elevated plasma levels
of thymus and activation-regulated chemokine and macrophage-derived chemokine in patients with atopic dermatitis. J. Allergy
Clin. Immunol. 2002, 110, 139–146. [CrossRef]

82. Mookherjee, N.; Anderson, M.A.; Haagsman, H.P.; Davidson, D.J. Antimicrobial host defence peptides: Functions and clinical
potential. Nat. Rev. Drug Discov. 2020, 19, 311–332. [CrossRef] [PubMed]

http://doi.org/10.1007/978-1-4899-1825-3_166
http://doi.org/10.1021/bi00193a025
http://www.ncbi.nlm.nih.gov/pubmed/8031770
http://doi.org/10.1016/j.bbamem.2006.11.010
http://doi.org/10.1128/IAI.00935-08
http://www.ncbi.nlm.nih.gov/pubmed/18824536
http://doi.org/10.4049/jimmunol.167.2.623
http://www.ncbi.nlm.nih.gov/pubmed/11441062
http://doi.org/10.1189/jlb.0103024
http://doi.org/10.1006/cyto.1995.0065
http://doi.org/10.1097/HS9.0000000000000490
http://www.ncbi.nlm.nih.gov/pubmed/33134870
http://doi.org/10.1182/blood-2012-04-416594
http://www.ncbi.nlm.nih.gov/pubmed/22869793
http://doi.org/10.1182/blood-2011-03-339705
http://www.ncbi.nlm.nih.gov/pubmed/21596849
http://doi.org/10.1016/S0021-9258(17)33882-6
http://doi.org/10.1136/bmj.1.5594.746
http://doi.org/10.1016/j.jri.2008.08.003
http://www.ncbi.nlm.nih.gov/pubmed/18809212
http://doi.org/10.1038/mi.2015.43
http://www.ncbi.nlm.nih.gov/pubmed/25993443
http://doi.org/10.1074/jbc.M111.248641
http://www.ncbi.nlm.nih.gov/pubmed/22025617
http://doi.org/10.1084/jem.20051772
http://doi.org/10.1161/CIRCULATIONAHA.107.714691
http://www.ncbi.nlm.nih.gov/pubmed/18086932
http://doi.org/10.1159/000471821
http://doi.org/10.4049/jimmunol.182.1.507
http://www.ncbi.nlm.nih.gov/pubmed/19109182
http://doi.org/10.1084/jem.176.2.587
http://doi.org/10.1182/blood-2012-07-445080
http://doi.org/10.1067/mai.2002.126079
http://doi.org/10.1038/s41573-019-0058-8
http://www.ncbi.nlm.nih.gov/pubmed/32107480


Int. J. Mol. Sci. 2021, 22, 10230 17 of 20

83. Mishra, B.; Reiling, S.; Zarena, D.; Wang, G.S. Host defense antimicrobial peptides as antibiotics: Design and application strategies.
Curr. Opin. Chem. Biol. 2017, 38, 87–96. [CrossRef]

84. Mahlapuu, M.; Håkansson, J.; Ringstad, L.; Björn, C. Antimicrobial peptides: An emerging category of therapeutic agents. Front.
Cell. Infect. Microbiol. 2016, 6, 194. [CrossRef]

85. Ganz, T. Defensins: Antimicrobial peptides of innate immunity. Nat. Rev. Immunol. 2003, 3, 710–720. [CrossRef]
86. Bevins, C.L.; Salzman, N. Paneth cells, antimicrobial peptides and maintenance of intestinal homeostasis. Nat. Rev. Microbiol.

2011, 9, 356–368. [CrossRef] [PubMed]
87. Chairatana, P.; Nolan, E.M. Human α-defensin 6: A small peptide that self-assembles and protects the host by entangling

microbes. Acc. Chem. Res. 2017, 50, 960–967. [CrossRef] [PubMed]
88. Pace, B.T.; Lackner, A.A.; Porter, E.; Pahar, B. The role of defensins in HIV pathogenesis. Mediat. Inflamm. 2017, 2017, 1–12.

[CrossRef] [PubMed]
89. Tohidnezhad, M.; Varoga, D.; Wruck, C.J.; Podschun, R.; Sachweh, B.H.; Bornemann, J.; Bovi, M.; Sönmez, T.T.; Slowik, A.D.;

Houben, A.; et al. Platelets display potent antimicrobial activity and release human beta-defensin 2. Platelets 2011, 23, 217–223.
[CrossRef] [PubMed]

90. Tohidnezhad, M.; Varoga, D.; Podschun, R.; Wruck, C.J.; Seekamp, A.; Brandenburg, L.-O.; Pufe, T.; Lippross, S. Thrombocytes
are effectors of the innate immune system releasing human beta defensin-3. Injury 2011, 42, 682–686. [CrossRef]

91. Kraemer, B.F.; Campbell, R.A.; Schwertz, H.; Cody, M.J.; Franks, Z.; Tolley, N.D.; Kahr, W.H.A.; Lindemann, S.; Seizer, P.;
Yost, C.C.; et al. Novel anti-bacterial activities of β-defensin 1 in human platelets: Suppression of pathogen growth and signaling
of neutrophil extracellular trap formation. PLoS Pathog. 2011, 7, e1002355. [CrossRef]

92. Valle-Jiménez, X.; Ramírez-Cosmes, A.; Aquino-Domínguez, A.S.; Sánchez-Peña, F.; Bustos-Arriaga, J.; Romero-Tlalolini, M.D.;
Torres-Aguilar, H.; Serafín-López, J.; Aguilar Ruíz, S.R. Human platelets and megakaryocytes express defensin alpha 1. Platelets
2019, 31, 344–354. [CrossRef] [PubMed]

93. Gudmundsson, G.H.; Agerberth, B.; Odeberg, J.; Bergman, T.; Olsson, B.; Salcedo, R. The human gene FALL39 and processing of
the cathelin precursor to the antibacterial peptide LL-37 in granulocytes. Eur. J. Biochem. 1996, 238, 325–332. [CrossRef] [PubMed]

94. Murakami, M.; Lopez-Garcia, B.; Braff, M.; Dorschner, R.A.; Gallo, R.L. Postsecretory processing generates multiple cathelicidins
for enhanced topical antimicrobial defense. J. Immunol. 2004, 172, 3070–3077. [CrossRef]

95. Bandurska, K.; Berdowska, A.; Barczynska, R.; Krupa, P. Unique features of human cathelicidin LL-37. Biofactors 2015, 41, 289–300.
[CrossRef]

96. Salamah, M.F.; Ravishankar, D.; Kodji, X.; Moraes, L.A.; Williams, H.F.; Vallance, T.; Albadawi, D.A.; Vaiyapuri, R.; Watson, K.;
Gibbins, J.; et al. The endogenous antimicrobial cathelicidin LL37 induces platelet activation and augments thrombus formation.
Blood Adv. 2018, 2, 2973–2985. [CrossRef] [PubMed]

97. Horn, M.; Bertling, A.; Brodde, M.F.; Müller, A.; Roth, J.; van Aken, H.; Jurk, K.; Heilmann, C.; Peters, G.; Kehrel, B.E. Human
neutrophil alpha-defensins induce formation of fibrinogen and thrombospondin-1 amyloid-like structures and activate platelets
via glycoprotein IIb/IIIa. J. Thromb. Haemost. 2012, 10, 647–661. [CrossRef]

98. Miyawaki, K.; Iwasaki, H.; Jiromaru, T.; Kusumoto, H.; Yurino, A.; Sugio, T.; Uehara, Y.; Odawara, J.; Daitoku, S.; Kunisaki, Y.; et al.
Identification of unipotent megakaryocyte progenitors in human hematopoiesis. Blood 2017, 129, 3332–3343. [CrossRef] [PubMed]

99. Laurenti, E. Human megakaryocytes: Finding the root. Blood 2017, 129, 3277–3279. [CrossRef]
100. Pircher, J.; Czermak, T.; Ehrlich, A.; Eberle, C.; Gaitzsch, E.; Margraf, A.; Grommes, J.; Saha, P.; Titova, A.; Ishikawa-Ankerhold, H.; et al.

Cathelicidins prime platelets to mediate arterial thrombosis and tissue inflammation. Nat. Commun. 2018, 9, 1–15. [CrossRef]
101. Rademacher, F.; Dreyer, S.; Kopfnagel, V.; Gläser, R.; Werfel, T.; Harder, J. The antimicrobial and immunomodulatory function of

RNase 7 in skin. Front. Immunol. 2019, 10, 2553. [CrossRef]
102. Oka, Y.; Orth, D.N. Human plasma epidermal growth factor/beta-urogastrone is associated with blood platelets. J. Clin. Investig.

1983, 72, 249–259. [CrossRef] [PubMed]
103. Aybay, C.; Karakus, R.; Yucel, A. Characterization of human epidermal growth factor in human serum and urine under native

conditions. Cytokine 2006, 35, 36–43. [CrossRef] [PubMed]
104. Raadsen, M.; du Toit, J.; Langerak, T.; van Bussel, B.; van Gorp, E.; Goeijenbier, M. Thrombocytopenia in virus infections. J. Clin.

Med. 2021, 10, 877. [CrossRef] [PubMed]
105. Hottz, E.D.; Bozza, F.A.; Bozza, P. Platelets in immune response to virus and immunopathology of viral infections. Front. Med.

2018, 5, 121. [CrossRef] [PubMed]
106. Assinger, A. Platelets and infection—An emerging role of platelets in viral infection. Front. Immunol. 2014, 5, 649. [CrossRef]

[PubMed]
107. Yeaman, M.R. Platelets: At the nexus of antimicrobial defence. Nat. Rev. Microbiol. 2014, 12, 426–437. [CrossRef]
108. Tsegaye, T.S.; Gnirß, K.; Rahe-Meyer, N.; Kiene, M.; Krämer-Kühl, A.; Behrens, G.; Münch, J.; Pöhlmann, S. Platelet activation

suppresses HIV-1 infection of T cells. Retrovirology 2013, 10, 48. [CrossRef]
109. Auerbach, D.J.; Lin, Y.; Miao, H.; Cimbro, R.; DiFiore, M.J.; Gianolini, M.E.; Furci, L.; Biswas, P.; Fauci, A.S.; Lusso, P. Identification

of the platelet-derived chemokine CXCL4/PF-4 as a broad-spectrum HIV-1 inhibitor. Proc. Natl. Acad. Sci. USA 2012,
109, 9569–9574. [CrossRef]

110. Schols, D.; Proost, P.; van Damme, J.; de Clercq, E. RANTES and MCP-3 inhibit the replication of T-cell-tropic human immunode-
ficiency virus type 1 strains (SF-2, MN, and HE). J. Virol. 1997, 71, 7300–7304. [CrossRef] [PubMed]

http://doi.org/10.1016/j.cbpa.2017.03.014
http://doi.org/10.3389/fcimb.2016.00194
http://doi.org/10.1038/nri1180
http://doi.org/10.1038/nrmicro2546
http://www.ncbi.nlm.nih.gov/pubmed/21423246
http://doi.org/10.1021/acs.accounts.6b00653
http://www.ncbi.nlm.nih.gov/pubmed/28296382
http://doi.org/10.1155/2017/5186904
http://www.ncbi.nlm.nih.gov/pubmed/28839349
http://doi.org/10.3109/09537104.2011.610908
http://www.ncbi.nlm.nih.gov/pubmed/21913811
http://doi.org/10.1016/j.injury.2010.12.010
http://doi.org/10.1371/journal.ppat.1002355
http://doi.org/10.1080/09537104.2019.1615612
http://www.ncbi.nlm.nih.gov/pubmed/31116063
http://doi.org/10.1111/j.1432-1033.1996.0325z.x
http://www.ncbi.nlm.nih.gov/pubmed/8681941
http://doi.org/10.4049/jimmunol.172.5.3070
http://doi.org/10.1002/biof.1225
http://doi.org/10.1182/bloodadvances.2018021758
http://www.ncbi.nlm.nih.gov/pubmed/30413433
http://doi.org/10.1111/j.1538-7836.2012.04640.x
http://doi.org/10.1182/blood-2016-09-741611
http://www.ncbi.nlm.nih.gov/pubmed/28336526
http://doi.org/10.1182/blood-2017-04-776351
http://doi.org/10.1038/s41467-018-03925-2
http://doi.org/10.3389/fimmu.2019.02553
http://doi.org/10.1172/JCI110964
http://www.ncbi.nlm.nih.gov/pubmed/6603475
http://doi.org/10.1016/j.cyto.2006.07.005
http://www.ncbi.nlm.nih.gov/pubmed/16908178
http://doi.org/10.3390/jcm10040877
http://www.ncbi.nlm.nih.gov/pubmed/33672766
http://doi.org/10.3389/fmed.2018.00121
http://www.ncbi.nlm.nih.gov/pubmed/29761104
http://doi.org/10.3389/fimmu.2014.00649
http://www.ncbi.nlm.nih.gov/pubmed/25566260
http://doi.org/10.1038/nrmicro3269
http://doi.org/10.1186/1742-4690-10-48
http://doi.org/10.1073/pnas.1207314109
http://doi.org/10.1128/jvi.71.10.7300-7304.1997
http://www.ncbi.nlm.nih.gov/pubmed/9311806


Int. J. Mol. Sci. 2021, 22, 10230 18 of 20

111. Amara, A.; le Gall, S.; Schwartz, O.; Salamero, J.; Montes, M.; Loetscher, P.; Baggiolini, M.; Virelizier, J.-L.; Arenzana-Seisdedos, F.
HIV coreceptor downregulation as antiviral principle: SDF-1α–dependent Internalization of the chemokine receptor CXCR4
contributes to inhibition of HIV replication. J. Exp. Med. 1997, 186, 139–146. [CrossRef]

112. Holme, P.A.; Müller, F.; Solum, N.O.; Brosstad, F.; Frøland, S.S.; Aukrust, P. Enhanced activation of platelets with abnormal release
of RANTES in human immunodeficiency virus type 1 infection. FASEB J. 1998, 12, 79–90. [CrossRef] [PubMed]

113. Nakayama, T.; Shirane, J.; Hieshima, K.; Shibano, M.; Watanabe, M.; Jin, Z.; Nagakubo, D.; Saito, T.; Shimomura, Y.; Yoshie, O.
Novel antiviral activity of chemokines. Virology 2006, 350, 484–492. [CrossRef] [PubMed]

114. Mackewicz, C.E.; Yuan, J.; Tran, P.; Diaz, L.; Mack, E.; Selsted, M.E.; Levy, J.A. α-Defensins can have anti-HIV activity but are not
CD8 cell anti-HIV factors. Aids 2003, 17, F23–F32. [CrossRef] [PubMed]

115. Mattar, E.H.; Almehdar, H.A.; Uversky, V.N.; Redwan, E.M. Virucidal activity of human α- and β-defensins against hepatitis C
virus genotype 4. Mol. BioSyst. 2016, 12, 2785–2797. [CrossRef] [PubMed]

116. Buck, C.; Day, P.M.; Thompson, C.D.; Lubkowski, J.; Lu, W.; Lowy, D.R.; Schiller, J.T. Human -defensins block papillomavirus
infection. Proc. Natl. Acad. Sci. USA 2006, 103, 1516–1521. [CrossRef]

117. Quiñones-Mateu, M.E.; Lederman, M.M.; Feng, Z.; Chakraborty, B.; Weber, J.; Rangel, H.R.; Marotta, M.L.; Mirza, M.; Jiang, B.;
Kiser, P.; et al. Human epithelial β-defensins 2 and 3 inhibit HIV-1 replication. Aids 2003, 17, F39–F48. [CrossRef]

118. Howell, M.D.; Streib, J.E.; Leung, D.Y. Antiviral activity of human β-defensin 3 against vaccinia virus. J. Allergy Clin. Immunol.
2007, 119, 1022–1025. [CrossRef]

119. Barlow, P.G.; Svoboda, P.; Mackellar, A.; Nash, A.A.; York, I.A.; Pohl, J.; Davidson, D.J.; Donis, R.O. Antiviral activity and
increased host defense against influenza infection elicited by the human cathelicidin LL-37. PLoS ONE 2011, 6, e25333. [CrossRef]

120. Matsumura, T.; Sugiyama, N.; Murayama, A.; Yamada, N.; Shiina, M.; Asabe, S.; Wakita, T.; Imawari, M.; Kato, T. Antimicrobial
peptide LL-37 attenuates infection of hepatitis C virus. Hepatol. Res. 2015, 46, 924–932. [CrossRef]

121. Alagarasu, K.; Patil, P.; Shil, P.; Seervi, M.; Kakade, M.; Tillu, H.; Salunke, A. In-vitro effect of human cathelicidin antimicrobial
peptide LL-37 on dengue virus type 2. Peptides 2017, 92, 23–30. [CrossRef]

122. Zhu, N.; Zhang, D.; Wang, W.; Li, X.; Yang, B.; Song, J.; Zhao, X.; Huang, B.; Shi, W.; Lu, R.; et al. A novel coronavirus from
patients with pneumonia in China, 2019. N. Engl. J. Med. 2020, 382, 727–733. [CrossRef] [PubMed]

123. Kannan, S.; Ali, P.S.; Sheeza, A.; Hemalatha, K. COVID-19 (novel coronavirus 2019)—Recent trends. Eur. Rev. Med. Pharmacol. Sci.
2020, 24, 2006–2011. [PubMed]

124. Lippi, G.; Plebani, M.; Henry, B.M. Thrombocytopenia is associated with severe coronavirus disease 2019 (COVID-19) infections:
A meta-analysis. Clin. Chim. Acta 2020, 506, 145–148. [CrossRef]

125. Manne, B.K.; Denorme, F.; Middleton, E.A.; Portier, I.; Rowley, J.W.; Stubben, C.; Petrey, A.C.; Tolley, N.D.; Guo, L.; Cody, M.; et al.
Platelet gene expression and function in patients with COVID-19. Blood 2020, 136, 1317–1329. [CrossRef] [PubMed]

126. Zaid, Y.; Puhm, F.; Allaeys, I.; Naya, A.; Oudghiri, M.; Khalki, L.; Limami, Y.; Zaid, N.; Sadki, K.; Ben El Haj, R.; et al. Platelets can
associate with SARS-CoV-2 RNA and are hyperactivated in COVID-19. Circ. Res. 2020, 127, 1404–1418. [CrossRef] [PubMed]

127. Kho, S.; Barber, B.E.; Johar, E.; Andries, B.; Poespoprodjo, J.R.; Kenangalem, E.; Piera, K.A.; Ehmann, A.; Price, R.N.;
William, T.; et al. Platelets kill circulating parasites of all major plasmodium species in human malaria. Blood 2018, 132, 1332–1344.
[CrossRef]

128. McMorran, B.J.; Wieczorski, L.; Drysdale, K.E.; Chan, J.-A.; Huang, H.M.; Smith, C.; Mitiku, C.; Beeson, J.G.; Burgio, G.; Foote, S.J.
Platelet factor 4 and duffy antigen required for platelet killing of Plasmodium falciparum. Science 2012, 338, 1348–1351. [CrossRef]

129. Crauwels, P.; Bank, E.; Walber, B.; Wenzel, U.A.; Agerberth, B.; Chanyalew, M.; Abebe, M.; König, R.; Ritter, U.; Reiling, N.; et al.
Cathelicidin contributes to the restriction of leishmania in human host macrophages. Front. Immunol. 2019, 10. [CrossRef]

130. Rico-Mata, R.; de Leon-Rodriguez, L.M.; Avila, E.E. Effect of antimicrobial peptides derived from human cathelicidin LL-37 on
Entamoeba histolytica trophozoites. Exp. Parasitol. 2013, 133, 300–306. [CrossRef]

131. Carryn, S.; Schaefer, D.A.; Imboden, M.; Homan, E.J.; Bremel, R.D.; Riggs, M.W. Phospholipases and cationic peptides inhibit
Cryptosporidium parvum sporozoite infectivity by parasiticidal and non-parasiticidal mechanisms. J. Parasitol. 2012, 98, 199–204.
[CrossRef]

132. Alecu, M.; Coman, G.; Mus, etescu, A.; Coman, O.A. Antimicrobial peptides as an argument for the involvement of innate
immunity in psoriasis (review). Exp. Ther. Med. 2020, 20, 1. [CrossRef] [PubMed]

133. Mangoni, M.L.; McDermott, A.M.; Zasloff, M. Antimicrobial peptides and wound healing: Biological and therapeutic considera-
tions. Exp. Dermatol. 2016, 25, 167–173. [CrossRef]

134. Amenomori, M.; Mukae, H.; Ishimatsu, Y.; Sakamoto, N.; Kakugawa, T.; Hara, A.; Hara, S.; Fujita, H.; Ishimoto, H.;
Hayashi, T.; et al. Differential effects of human neutrophil peptide-1 on growth factor and interleukin-8 production by human
lung fibroblasts and epithelial cells. Exp. Lung Res. 2010, 36, 411–419. [CrossRef]

135. Von Hundelshausen, P.; Duchene, J. Platelet-derived chemokines in atherosclerosis. Hämostaseologie 2015, 35, 137–141. [CrossRef]
[PubMed]

136. Singh, A.; Bisht, P.; Bhattacharya, S.; Guchhait, P. Role of platelet cytokines in dengue virus infection. Front. Cell. Infect. Microbiol.
2020, 10, 561366. [CrossRef] [PubMed]

137. Gerdes, N.; Zhu, L.; Ersoy, M.; Hermansson, A.; Hjemdahl, P.; Hu, H.; Hansson, G.K.; Li, N. Platelets regulate CD4+ T-cell
differentiation via multiple chemokines in humans. Thromb. Haemost. 2011, 106, 353–362. [CrossRef]

http://doi.org/10.1084/jem.186.1.139
http://doi.org/10.1096/fsb2fasebj.12.1.79
http://www.ncbi.nlm.nih.gov/pubmed/9438413
http://doi.org/10.1016/j.virol.2006.03.004
http://www.ncbi.nlm.nih.gov/pubmed/16603217
http://doi.org/10.1097/00002030-200309260-00001
http://www.ncbi.nlm.nih.gov/pubmed/14502030
http://doi.org/10.1039/C6MB00283H
http://www.ncbi.nlm.nih.gov/pubmed/27327492
http://doi.org/10.1073/pnas.0508033103
http://doi.org/10.1097/00002030-200311070-00001
http://doi.org/10.1016/j.jaci.2007.01.044
http://doi.org/10.1371/journal.pone.0025333
http://doi.org/10.1111/hepr.12627
http://doi.org/10.1016/j.peptides.2017.04.002
http://doi.org/10.1056/NEJMoa2001017
http://www.ncbi.nlm.nih.gov/pubmed/31978945
http://www.ncbi.nlm.nih.gov/pubmed/32141569
http://doi.org/10.1016/j.cca.2020.03.022
http://doi.org/10.1182/blood.2020007214
http://www.ncbi.nlm.nih.gov/pubmed/32573711
http://doi.org/10.1161/CIRCRESAHA.120.317703
http://www.ncbi.nlm.nih.gov/pubmed/32938299
http://doi.org/10.1182/blood-2018-05-849307
http://doi.org/10.1126/science.1228892
http://doi.org/10.3389/fimmu.2019.02697
http://doi.org/10.1016/j.exppara.2012.12.009
http://doi.org/10.1645/GE-2822.1
http://doi.org/10.3892/etm.2020.9322
http://www.ncbi.nlm.nih.gov/pubmed/33101482
http://doi.org/10.1111/exd.12929
http://doi.org/10.3109/01902141003714049
http://doi.org/10.5482/HAMO-14-11-0058
http://www.ncbi.nlm.nih.gov/pubmed/25592448
http://doi.org/10.3389/fcimb.2020.561366
http://www.ncbi.nlm.nih.gov/pubmed/33102253
http://doi.org/10.1160/TH11-01-0020


Int. J. Mol. Sci. 2021, 22, 10230 19 of 20

138. Chertov, O.; Michiel, D.F.; Xu, L.; Wang, J.M.; Tani, K.; Murphy, W.J.; Longo, D.L.; Taub, D.D.; Oppenheim, J.J. Identification
of defensin-1, defensin-2, and CAP37/azurocidin as T-cell chemoattractant proteins released from interleukin-8-stimulated
neutrophils. J. Biol. Chem. 1996, 271, 2935–2940. [CrossRef] [PubMed]

139. Yang, D.; Chen, Q.; Chertov, O.; Oppenheim, J.J. Human neutrophil defensins selectively chemoattract naive T and immature
dendritic cells. J. Leukoc. Biol. 2000, 68, 9–14.

140. Yang, D.; Chen, Q.; Schmidt, A.P.; Anderson, G.M.; Wang, J.M.; Wooters, J.; Oppenheim, J.J.; Chertov, O. LL-37, the neutrophil
granule–and epithelial cell–derived cathelicidin, utilizes formyl peptide receptor–like 1 (FPRL1) as a receptor to chemoattract
human peripheral blood neutrophils, monocytes, and T cells. J. Exp. Med. 2000, 192, 1069–1074. [CrossRef]

141. Tjabringa, G.S.; Ninaber, D.K.; Drijfhout, J.W.; Rabe, K.F.; Hiemstra, P. Human cathelicidin LL-37 is a chemoattractant for
eosinophils and neutrophils that acts via formyl-peptide receptors. Int. Arch. Allergy Immunol. 2006, 140, 103–112. [CrossRef]

142. Scott, M.G.; Davidson, D.J.; Gold, M.; Bowdish, D.; Hancock, R. The human antimicrobial peptide LL-37 is a multifunctional
modulator of innate immune responses. J. Immunol. 2002, 169, 3883–3891. [CrossRef]

143. Niyonsaba, F.; Ushio, H.; Nakano, N.; Ng, W.; Sayama, K.; Hashimoto, K.; Nagaoka, I.; Okumura, K.; Ogawa, H. Antimicrobial
peptides human β-defensins stimulate epidermal keratinocyte migration, proliferation and production of proinflammatory
cytokines and chemokines. J. Investig. Dermatol. 2007, 127, 594–604. [CrossRef] [PubMed]

144. Biragyn, A.; Ruffini, P.A.; Leifer, C.A.; Klyushnenkova, E.; Shakhov, A.; Chertov, O.; Shirakawa, A.K.; Farber, J.M.; Segal, D.M.;
Oppenheim, J.J.; et al. Toll-like receptor 4-dependent activation of dendritic cells by β-defensin 2. Science 2002, 298, 1025–1029.
[CrossRef] [PubMed]

145. Davidson, D.J.; Currie, A.; Reid, G.; Bowdish, D.; Macdonald, K.L.; Ma, R.C.; Hancock, R.E.W.; Speert, D.P. The cationic
antimicrobial peptide LL-37 modulates dendritic cell differentiation and dendritic cell-induced T cell polarization. J. Immunol.
2004, 172, 1146–1156. [CrossRef] [PubMed]

146. Funderburg, N.; Lederman, M.M.; Feng, Z.; Drage, M.G.; Jadlowsky, J.; Harding, C.V.; Weinberg, A.; Sieg, S.F. Human β-defensin-
3 activates professional antigen-presenting cells via Toll-like receptors 1 and 2. Proc. Natl. Acad. Sci. USA 2007, 104, 18631–18635.
[CrossRef]

147. Tewary, P.; de la Rosa, G.; Sharma, N.; Rodriguez, L.G.; Tarasov, S.G.; Howard, O.M.Z.; Shirota, H.; Steinhagen, F.; Klinman, D.M.;
Yang, D.; et al. β-defensin 2 and 3 promote the uptake of self or CpG DNA, enhance IFN-α production by human plasmacytoid
dendritic cells, and promote inflammation. J. Immunol. 2013, 191, 865–874. [CrossRef]

148. Antonio-Santos, A.; Pérez-Campos, E.; Hernández-Cruz, P.A.; Solórzano-Mata, C.; Narváez-Morales, J.; Torres-Aguilar, H.;
Villegas-Sepúlveda, N.; Aguilar-Ruiz, S.R. Human platelets express Toll-like receptor 3 and respond to poly I: C. Hum. Immunol.
2014, 75, 1244–1251. [CrossRef]

149. Nagaoka, I.; Hirota, S.; Niyonsaba, F.; Hirata, M.; Adachi, Y.; Tamura, H.; Heumann, D. Cathelicidin family of antibacterial
peptides CAP18 and CAP11 inhibit the expression of TNF-α by blocking the binding of LPS to CD14+ cells. J. Immunol. 2001,
167, 3329–3338. [CrossRef]

150. Rosenfeld, Y.; Papo, N.; Shai, Y. Endotoxin (lipopolysaccharide) neutralization by innate immunity host-defense peptides. J. Biol.
Chem. 2006, 281, 1636–1643. [CrossRef]

151. Hou, M.; Zhang, N.; Yang, J.; Meng, X.; Yang, R.; Li, J.; Sun, T. Antimicrobial peptide LL-37 and IDR-1 ameliorate MRSA
pneumonia in vivo. Cell. Physiol. Biochem. 2013, 32, 614–623. [CrossRef]

152. Cirioni, O.; Giacometti, A.; Ghiselli, R.; Bergnach, C.; Orlando, F.; Silvestri, C.; Mocchegiani, F.; Licci, A.; Skerlavaj, B.;
Rocchi, M.; et al. LL-37 protects rats against lethal sepsis caused by gram-negative bacteria. Antimicrob. Agents Chemother.
2006, 50, 1672–1679. [CrossRef] [PubMed]

153. Semple, F.; MacPherson, H.; Webb, S.; Cox, S.L.; Mallin, L.J.; Tyrrell, C.; Grimes, G.R.; Semple, C.A.; Nix, M.A.;
Millhauser, G.L.; et al. Human β-defensin 3 affects the activity of pro-inflammatory pathways associated with MyD88
and TRIF. Eur. J. Immunol. 2011, 41, 3291–3300. [CrossRef] [PubMed]

154. Panyutich, A.V.; Panyutich, E.A.; Krapivin, V.A.; Baturevich, E.A.; Ganz, T. Plasma defensin concentrations are elevated in
patients with septicemia or bacterial meningitis. J. Lab. Clin. Med. 1993, 122, 202–207. [PubMed]

155. Chen, Q.; Hakimi, M.; Wu, S.; Jin, Y.; Cheng, B.; Wang, H.; Xie, G.; Ganz, T.; Linzmeier, R.M.; Fang, X. Increased genomic copy
number of DEFA1/DEFA3 is associated with susceptibility to severe sepsis in Chinese Han population. Anesthesiology 2010,
112, 1428–1434. [CrossRef]

156. Lippross, S.; Klueter, T.; Steubesand, N.; Oestern, S.; Mentlein, R.; Hildebrandt, F.; Podschun, R.; Pufe, T.; Seekamp, A.; Varoga, D.
Multiple trauma induces serum production of host defence peptides. Injury 2012, 43, 137–142. [CrossRef]

157. Berkestedt, I.; Herwald, H.; Ljunggren, L.; Nelson, A.; Bodelsson, M. Elevated plasma levels of antimicrobial polypeptides in
patients with severe sepsis. J. Innate Immun. 2010, 2, 478–482. [CrossRef] [PubMed]

158. Thomas, N.; Carcillo, J.A.; Doughty, L.A.; Sasser, H.; Heine, R.P. Plasma concentrations of defensins and lactoferrin in children
with severe sepsis. Pediatr. Infect. Dis. J. 2002, 21, 34–38. [CrossRef] [PubMed]

159. Raque, V.-J.X.; Carlos, S.-G.J.; Eduardo, R.-R.; Rafael, B.-H.; Ángeles, R.-T.M.D.L.; Adriana, R.-C.; Honorio, T.-A.; José, B.-A.;
Roberto, A.-R.S. Modification of immunological features in human platelets during sepsis. Immunol. Investig. 2018, 47, 196–211.
[CrossRef] [PubMed]

http://doi.org/10.1074/jbc.271.6.2935
http://www.ncbi.nlm.nih.gov/pubmed/8621683
http://doi.org/10.1084/jem.192.7.1069
http://doi.org/10.1159/000092305
http://doi.org/10.4049/jimmunol.169.7.3883
http://doi.org/10.1038/sj.jid.5700599
http://www.ncbi.nlm.nih.gov/pubmed/17068477
http://doi.org/10.1126/science.1075565
http://www.ncbi.nlm.nih.gov/pubmed/12411706
http://doi.org/10.4049/jimmunol.172.2.1146
http://www.ncbi.nlm.nih.gov/pubmed/14707090
http://doi.org/10.1073/pnas.0702130104
http://doi.org/10.4049/jimmunol.1201648
http://doi.org/10.1016/j.humimm.2014.09.013
http://doi.org/10.4049/jimmunol.167.6.3329
http://doi.org/10.1074/jbc.M504327200
http://doi.org/10.1159/000354465
http://doi.org/10.1128/AAC.50.5.1672-1679.2006
http://www.ncbi.nlm.nih.gov/pubmed/16641434
http://doi.org/10.1002/eji.201141648
http://www.ncbi.nlm.nih.gov/pubmed/21809339
http://www.ncbi.nlm.nih.gov/pubmed/8340706
http://doi.org/10.1097/ALN.0b013e3181d968eb
http://doi.org/10.1016/j.injury.2011.03.044
http://doi.org/10.1159/000317036
http://www.ncbi.nlm.nih.gov/pubmed/20571257
http://doi.org/10.1097/00006454-200201000-00008
http://www.ncbi.nlm.nih.gov/pubmed/11791096
http://doi.org/10.1080/08820139.2017.1413113
http://www.ncbi.nlm.nih.gov/pubmed/29220594


Int. J. Mol. Sci. 2021, 22, 10230 20 of 20

160. Wegrzyn, G.; Walborn, A.; Rondina, M.; Fareed, J.; Hoppensteadt, D. Biomarkers of platelet activation and their prognostic value
in patients with sepsis-associated disseminated intravascular coagulopathy. Clin. Appl. Thromb. 2021, 27, 1076029620943300.
[CrossRef]

161. Baxter, A.A.; Lay, F.T.; Poon, I.K.H.; Kvansakul, M.; Hulett, M.D. Tumor cell membrane-targeting cationic antimicrobial peptides:
Novel insights into mechanisms of action and therapeutic prospects. Cell. Mol. Life Sci. 2017, 74, 3809–3825. [CrossRef]

162. Galeotti, T.; Borrello, S.; Minotti, G.; Masotti, L. Membrane alterations in cancer cells. Ann. N. Y. Acad. Sci. 1986, 488, 468–480.
[CrossRef] [PubMed]

163. Felício, M.R.; Silva, O.N.; Gonçalves, S.; Santos, N.C.; Franco, O.L. Peptides with dual antimicrobial and anticancer activities.
Front. Chem. 2017, 5, 5. [CrossRef] [PubMed]

164. Scocchi, M.; Mardirossian, M.; Runti, G.; Benincasa, M. Non-membrane permeabilizing modes of action of antimicrobial peptides
on bacteria. Curr. Top. Med. Chem. 2015, 16, 76–88. [CrossRef] [PubMed]

165. Gaspar, D.; Freire, J.M.; Pacheco, T.R.; Barata, J.T.; Castanho, M.A. Apoptotic human neutrophil peptide-1 anti-tumor activity
revealed by cellular biomechanics. Biochim. Biophys. Acta BBA Mol. Cell Res. 2015, 1853, 308–316. [CrossRef]

166. Xu, N.; Wang, Y.-S.; Pan, W.-B.; Xiao, B.; Wen, Y.-J.; Chen, X.-C.; Chen, L.-J.; Deng, H.-X.; You, J.; Kan, B.; et al. Human α-defensin-1
inhibits growth of human lung adenocarcinoma xenograft in nude mice. Mol. Cancer Ther. 2008, 7, 1588–1597. [CrossRef]

167. Phan, T.K.; Lay, F.; Poon, I.; Hinds, M.; Kvansakul, M.; Hulett, M.D. Human β-defensin 3 contains an oncolytic motif that binds PI
(4, 5) P2 to mediate tumour cell permeabilisation. Oncotarget 2016, 7, 2054–2069. [CrossRef]

168. Bullard, R.S.; Gibson, W.; Bose, S.K.; Belgrave, J.K.; Eaddy, A.C.; Wright, C.J.; Hazen-Martin, D.J.; Lage, J.M.; Keane, T.E.;
Ganz, T.A.; et al. Functional analysis of the host defense peptide human beta defensin-1: New insight into its potential role in
cancer. Mol. Immunol. 2008, 45, 839–848. [CrossRef] [PubMed]

169. Okumura, K.; Itoh, A.; Isogai, E.; Hirose, K.; Hosokawa, Y.; Abiko, Y.; Shibata, T.; Hirata, M.; Isogai, H. C-terminal domain
of human CAP18 antimicrobial peptide induces apoptosis in oral squamous cell carcinoma SAS-H1 cells. Cancer Lett. 2004,
212, 185–194. [CrossRef] [PubMed]

170. Mader, J.S.; Mookherjee, N.; Hancock, R.; Bleackley, R.C. The human host defense peptide LL-37 induces apoptosis in a calpain-
and apoptosis-inducing factor-dependent manner involving bax activity. Mol. Cancer Res. 2009, 7, 689–702. [CrossRef] [PubMed]

171. Ren, S.X.; Cheng, A.; To, K.F.; Tong, J.H.; Li, M.S.; Shen, J.; Wong, C.C.; Zhang, L.; Chan, R.L.; Wang, X.J.; et al. Host immune
defense peptide LL-37 activates caspase-independent apoptosis and suppresses colon cancer. Cancer Res. 2012, 72, 6512–6523.
[CrossRef]

http://doi.org/10.1177/1076029620943300
http://doi.org/10.1007/s00018-017-2604-z
http://doi.org/10.1111/j.1749-6632.1986.tb46579.x
http://www.ncbi.nlm.nih.gov/pubmed/3555261
http://doi.org/10.3389/fchem.2017.00005
http://www.ncbi.nlm.nih.gov/pubmed/28271058
http://doi.org/10.2174/1568026615666150703121009
http://www.ncbi.nlm.nih.gov/pubmed/26139115
http://doi.org/10.1016/j.bbamcr.2014.11.006
http://doi.org/10.1158/1535-7163.MCT-08-0010
http://doi.org/10.18632/oncotarget.6520
http://doi.org/10.1016/j.molimm.2006.11.026
http://www.ncbi.nlm.nih.gov/pubmed/17868871
http://doi.org/10.1016/j.canlet.2004.04.006
http://www.ncbi.nlm.nih.gov/pubmed/15279899
http://doi.org/10.1158/1541-7786.MCR-08-0274
http://www.ncbi.nlm.nih.gov/pubmed/19435812
http://doi.org/10.1158/0008-5472.CAN-12-2359

	Introduction 
	Current Classification of Antimicrobial Molecules in Platelets 
	Initial Findings of Antimicrobial Molecules in Platelets 
	Platelet Microbicidal Proteins of Rabbit: PMPs and tPMPs 
	Microbicidal Molecules in Human Platelets 
	Kinocidins 
	Cationic Host Defense Peptides (CHDPs) in Platelets 
	RNAse 7 

	Platelet Antibacterial Molecules Participation against Other Infectious Agents 
	Antiviral Activity 
	Antiparasitic Activity 

	New Non-Microbicidal Pathways for Platelet Antimicrobial Molecules 
	Immunoregulation 
	Anticancer Activity 

	Conclusions 
	References

