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Abstract

Platelets have been shown to play an important immunomodulatory role in the pathogenesis of
various diseases through their interactions with other immune and nonimmune cells. Sepsis is a
major cause of death in the United States, and many of the mechanisms driving sepsis pathology
are still unresolved. Monocytes have recently received increasing attention in sepsis pathogenesis,
and multiple studies have associated increased levels of platelet-monocyte aggregates observed
early in sepsis with clinical outcomes in sepsis patients. These findings suggest platelet-monocyte
aggregates may be an important prognostic indicator. However, the mechanisms leading to platelet
interaction and aggregation with monocytes, and the effects of aggregation during sepsis are still
poorly defined. There are few studies that have really investigated functions of platelets and
monocytes together, despite a large body of research showing separate functions of platelets and
monocytes in inflammation and immune responses during sepsis. The goal of this review is to
provide insights into what we do know about mechanisms and biological meanings of platelet—
monocyte interactions, as well as some of the technical challenges and limitations involved in
studying this important potential mechanism in sepsis pathogenesis. Improving our understanding
of platelet and monocyte biology in sepsis may result in identification of novel targets that can be
used to positively affect outcomes in sepsis.
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INTRODUCTION

Platelet function is traditionally defined by effects on hemostasis and thrombosis. In recent
years, the concept of platelet function has widened, with discovery of evidence supporting

Address reprint requests to Melanie J. Scott, MD, PhD, NW653MUH, 3459 Fifth Avenue, Pittsburgh, PA 15213. scottm@upmc.edu.
TRB and MJS are co-senior authors.

The authors report no conflicts of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Fuetal.

Page 2

roles for platelets as tiny but versatile (and mighty) players in a range of biological activities,
including immune responses (1-5). Platelet a-granules are released after platelet activation,
and contain molecules with immunoregulatory functions, such as platelet-factor (platelet
factor 4) and pro-platelet basic protein. These platelet-derived factors play a rather limited
role in thrombosis, but can play a considerable role in regulating host immune responses,
including recruitment and activation of innate immune cells, and platelets were shown to be
involved in the regulation of the activation, trafficking, and differentiation of T cells through
this chemokine and cytokine release (6-10). In addition to indirect communication through
secreted factors, platelets have been reported to aggregate with other immune cells,
primarily monocytes followed by neutrophils and to a lesser extent with lymphocytes, to
form heterogeneous complexes (11, 12) Direct platelet—-monocyte interaction to form
heterogeneous cell complexes was discovered decades ago (13, 14), although our
understanding of this phenomenon in disease processes and outcome is limited. There has
been no official consensus on naming the interaction between platelets and monocytes, and
it is referred to as a “platelet—-monocyte complex” in some studies (15-17), and as platelet
satellitism in other studies (18-23). Many review articles include discussion of the
interaction between platelets and monocytes as a part of the wider interaction between
platelets and immune cells, but few articles focus attention on platelet—-monocyte aggregates
as functional units.

Platelet-monocyte aggregates have been associated with various diseases, especially in
cardiovascular disease. However, our understanding of their roles in this disease is limited.
What we do know is that platelet—-monocyte aggregates in circulation are a sensitive marker
of platelet activation (24). A higher number of platelet-monocyte aggregates were detected
in acute myocardial infarction patients compared with healthy controls and further elevated
in patients with complications (16). Those studies seem to support the notion that platelet—
monocyte aggregates play a proinflammatory role in cardiovascular diseases. However, an
inverse correlation was found between inflammation in ulcerative colitis and circulating
platelet-monocyte aggregates, which raised the possibility that platelet-monocyte
complexes play an anti-inflammatory and protective role in that disease process (25).

In the case of sepsis, platelet-monocyte aggregates were reported to be elevated at very early
time points (4 h) in a murine sepsis model (26), and have been shown to be associated with
higher risk of mortality in older (age>=65) septic patients (27). Moreover, platelet
aggregation with monocytes was shown to polarize monocytes toward M1 phenotype in a
murine sepsis model, which suggests that platelet-monocyte aggregates play pro-
inflammatory roles in sepsis (28). Therefore, the exact role of platelet-monocyte aggregates
is likely to be disease-specific and more studies are needed to uncover important underlying
mechanisms related to pathogenesis and outcome.

In this review, we focus on our current understanding of direct platelet-monocyte
interactions to form aggregates in multiple disease processes, and then highlight implications
of platelet-monocyte aggregates in sepsis. We hope to provide some insights on this
understudied research area, and to inspire future work that may be important in determining
novel sepsis therapeutics based on specific platelet-monocyte interactions.
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MECHANISM OF PLATELET-MONOCYTE AGGREGATION

Multiple studies have tried to address the mechanism and meaning of platelet-monocyte
aggregates in a variety of experimental and pathological contexts. As mentioned above,
platelets play a role in attracting monocytes through the release of chemokines and cytokines
that induce inflammation. Platelets can also release other inflammatory mediators, such as
high mobility group box 1 protein (HMGB1) (29-31), which can activate monocytes, or
potentially modulate monocyte immune phenotype and function (6, 8, 30, 32, 33).

Direct contact between platelets and various immune cells, including myeloid cells and
lymphocytes, also occurs, and it is now realized that there is a reciprocal interaction
affecting not only the immune cells, but also the platelets themselves. The phenomenon of
bidirectional cell-to-cell contact between multiple platelets and a single leukocyte
(predominantly neutrophils and monocytes) occurs in a variety of conditions including blood
diseases (22, 34), infectious diseases (18), trauma (35-37), idiopathic pulmonary fibrosis
(38), thromboembolic disease (39), diabetes (40), cardiovascular disease (15, 41), sickle cell
disease (42, 43), and autoimmune disease (44). In many cases this type of interaction was
termed platelet satellitism (20, 21, 23), and despite being a well-recognized phenomenon the
mechanism and function behind platelet satellitism has not been well described. One 7n vitro
study suggested that platelet activation is the major initiator of platelet-monocyte
aggregates, as opposed to being a function of monocyte activation (45). Upon activation,
platelets rapidly increase surface expression of cluster of differentiation (CD)62p (also
known as P-selectin), which then is recognized by its cognate receptor, P-selectin
glycoprotein ligand-1 (PSGL-1) on the surface of monocytes. This seems to be the initiating
signal in platelet-monocyte aggregation and is further consolidated by potentiation of other
downstream signaling and receptor interactions, including CD40L (CD154)-Macrophage-1
antigen, glycoprotein VI -CD147, or via interaction of intercellular adhesion molecule 1
with fibrinogen attached to the activated platelet (8, 46-48). Fibrinogen has also been
reported to act as a bridge between platelets and monocytes (46), with some platelet
autoantibodies shown to also act in this way to mediate platelet binding to monocytes (49).
A summary of studies of platelet-monocyte aggregates formation was provided in Table 1

Interestingly, nonactivated quiescent platelets have also shown capacity to bind to monocytes
in some physiologic and pathophysiological conditions. Baseline aggregation of platelets
with monocytes in whole blood was measured at up to 45% of all monocytes in one study
(13), although these results vary widely across different studies. The mechanism of
quiescent platelet association with monocytes has not been fully uncovered, but is thought to
be quite different from activated platelet binding. Evidence from monoclonal blocking
antibody studies suggests that GPIIb/Illa (integrin allbp3) expression on platelets is
potentially involved in the formation of platelet-monocyte aggregates between quiescent
platelets and monocytes, as blocking GPIIb/111a partially decreased the percentage of
platelet-monocyte aggregates (13, 50, 51). Additionally, regardless of the status of platelet
activation, the formation of platelet-monocyte aggregates is calcium (Ca2*)-dependent, and
can be reversed by depletion of CaCl, in cell culture media, or conversely promoted by
supplementation of CaCl, (52).
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Another way platelets and monocytes can interact is via monocyte phagocytosis of the
platelet. This is known to occur in dengue fever (53) and Hodgkin lymphoma (22). In those
cases, it is thought that monocytes recognize activated platelets through exposed
phosphatidylserine (PS) on the platelet surface, similar to classic recognition of apoptotic
cells by monocytes and macrophages. Monocytes are therefore able to phagocytose the
platelets via PS receptor and scavenger receptor interaction (Fig. 1) (22, 53). Some major
unanswered questions include whether aggregation of platelets with monocytes is a first step
in phagocytosis, if the phagocytosis itself is targeted or if phagocytosis plays a specific role
in modulating immune responses (54).

PLATELET AGGREGATION WITH DIFFERENT SUBTYPES OF MONOCYTES

Monocytes in peripheral blood can be divided into three major groups in mice based on their
surface expression of Ly6c: Ly6ch, Ly6cint, and Ly6c!oW (55). In humans the subgroups are
defined by monocyte expression of CD14 and CD16: classical monocyte (CD14**CD167);
intermediate monocyte (CD14+*CD16%); non-classical monocyte (CD14*CD16%*) (56).
Platelets have been shown to aggregate with different subtypes of monocytes at different
percentages in volunteers without cardiovascular disease history (CD14**CD16™, 8.1+3.4%;
CD14**CD16", 21.2+14%; CD14*CD16~, 18+12.6%; CD14*CD16", 22.3+14.3%) (57), or
similarly in a study of assessing platelet-monocyte aggregates in patients with acute
myocardial infarction, they also found different percentages in healthy adult volunteers
(CD14**CD167, 3.23+0.16%; CD14**CD16", 10.29+1.37%; CD14*CD16**, 3.23+0.32%)
(16). There were also differences in platelet-monocyte aggregation between healthy control
volunteers (n=23) and patients who had suffered acute myocardial infarction (n=31) (16).
The authors defined the platelet-monocyte aggregates using known cell markers (CD16 and
CD14 for monocyte, CD41a for platelet) by flow cytometry, with double-positive surface
marking of CD14 and CD41a defined as platelet—-monocyte aggregates). The data showed
that in acute myocardial infarction patients there was an marked increase of platelet—
monocyte aggregates compared with healthy volunteers (11.13+1.61% vs. 4.35+0.23%,
P=0.00004), and there were more platelet—-monocyte aggregates formed with intermediate
monocytes (CD14**CD16~, 7.90+1.32%; CD14**CD16%, 18.41+1.99%; CD14*CD16**,
6.76+0.84%), in contrast to more platelet-monocyte aggregates of classical monocytes in
healthy volunteers (16). Another study measured platelet—-monocyte aggregates in both
healthy volunteers (n=73) and patients with cardiovascular diseases (CVD) (n=345) by flow
cytometry. In this study, platelet-monocyte aggregates were defined as double positive for
CD61 and CD14 (41). The data from this study showed that platelet-monocyte aggregates
were significantly elevated in patients with CVD (21.8% vs. 9.4%, £< 0.001), particularly
in patients with peripheral artery disease (approximately 30%), compared with healthy
controls. Therefore, they concluded that platelet-monocyte aggregates could be used as a
robust marker of platelet activation and monocyte inflammatory response. Interestingly, they
also reported that classical monocytes were less capable of aggregating with platelets
compared with non-classical monocytes in healthy controls, which was contradictory to
Loguinova et al. (16). The disparity was difficult to explain and was possibly due to different
sample collection, processing or measurement techniques, all of which can affect platelet
activation and aggregation. Notably, though these two studies both detect platelet-monocyte
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aggregates by flow cytometry using surface markers, they were not able to distinguish
definitively between platelets attached to the cell surface of monocytes or monocytes with
engulfed platelets. Further studies are needed, potentially using enhanced techniques to
unravel the whole process in more detail. However, the results of these two studies do
suggest that platelets can preferentially aggregate with different subtypes of monocytes. This
may be of great significance in pathogenesis, diagnosis, and treatment of platelet-associated
diseases.

Platelet-derived extracellular vesicles (EV) may also be involved in regulating the
association of platelets with specific monocyte subtypes. Indeed, one study suggested that
platelet-derived EVs preferentially associated with classical and intermediate monocytes
(58). However, the mechanism underlying attraction to one subtype over another is not well
understood. There is a known higher level of expression of PSGL-1 on the surface of murine
Ly6ch monocytes, and human classical monocytes (CD14**CD167), at baseline in healthy
individuals. Alterations in this expression may therefore influence aggregation of platelets
and monocytes in the healthy versus disease states (59).

RECIPROCAL EFFECTS OF PLATELET-MONOCYTE AGGREGATES

Platelet effects on monocyte activation and function are reported to be dependent on platelet
activation status and even though resting platelets can interact with monocytes, they have
little impact on monocyte function (60). One explanation may be due to the differences in P-
selectin expression level on activated and inactivated platelets, but much of the biology is as
yet unclear.

Interaction of human-activated platelets with monocytes can induce production of
chemokine and cytokines, including Tumor Necrosis Factor a (TNFa), Interleukin 1B,
chemokine (C-X-C motif) ligand 8 (Interleukin 8) (CXCLS8 IL8), and chemokine (C-C
motif) ligand 2 (monocyte chemoattractant protein-1) (61, 62). Coculture of human
monocytes with activated autologous platelets also induced upregulation of monocyte CD16
and Cyclooxygenase-2 expression indicating increased monocyte proinflammatory capacity
(63). Additionally, purified P-selectin from human platelets primed autologous monocytes
for cytokine secretion, including TNFa, Interleukin 1B, 1L6, CXCL8 (IL8), IL12, and CCL4
(MIP-1p) (64, 65), as well as expression of tissue factor (65, 66). These data highlight the
potential importance of P-selectin expression on platelets and P-selectin-PSGL-1 signaling
in regulating monocyte inflammatory responses. Downstream signaling pathways within
monocytes are also activated, including protein tyrosine kinases and mitogen-activated
protein kinases and Src family kinase Lyn (65, 67, 68). However, one study showed that
inhibition of human platelet-monocyte aggregate formation via PSGL-1 or P-selectin was
not sufficient to attenuate platelet-mediated monocyte activation, suggesting other pathways
and receptor-ligand interactions may be equally important in producing a full inflammatory
response (69). Interestingly, other studies found that activated platelets do not always
activate monocytes to induce production of proinflammatory cytokines, and in some
situations human platelet—-monocyte interactions can actually dampen inflammation by
increasing monocyte expression of 1L10, and reducing expression of TNFa (70, 71). Taken
together these conflicting findings show just how much more we have to learn about
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platelet-monocyte interactions and the complexity of these interactions. It is also likely that
the outcome of platelet-monocyte interactions is influenced by the surrounding
inflammatory milieu, and so will likely be pathology and tissue specific.

In addition to the modulation of the immunophenotype of monocytes, platelets can also exert
other effects. Human platelet phagocytosis by monocytes has been shown to play a
significant role in the regulation of monocyte apoptosis (72). A large percentage of
monocytes cultured in serum-deprived media will be induced to undergo apoptosis, but
addition of activated or nonactivated platelets, and uptake of platelets by phagocytosis, can
significantly attenuate monocyte apoptosis in a number-dependent manner via inhibition of
caspase9 and caspase3 pathway and induction of heat shock protein 70 pathway (Fig. 1)
(72). Human-activated platelets have also been shown to increase monocyte cell surface
expression of B1 and B2 integrins, which can increase adherence to endothelial cells and
facilitate monocyte transmigration to the site of inflammation (73). Human platelets can also
influence monocyte differentiation in the circulation, and convert monocytes into
immunoregulatory cells under certain circumstances (49). One example of this is in
tuberculosis, where platelets can induce monocytes to differentiate into epithelioid-like
multinucleated giant foam cells that have immunosuppressive capacity (74). Microarray data
from this study indicated platelet-influenced gene signature alteration of monocytes during
their differentiation into these giant foam cells (74).

Monocytes also have a great impact on platelets via the podoplanin-CLEC? axis, though
there are very limited data available. Podoplanin, a small membrane glycoprotein, is
relatively well conserved across species and widely expressed by various normal cell types,
including but not limited to lymphatic endothelial cells, kidney podocytes, fibroblastic
reticular cells, as well as monocytes and was reported to play important roles in
inflammation and cancer (75-78). C-type lectin receptor 2 (CLEC-2) was reported to be the
cognate receptor of podoplanin and highly expressed by immune cells and platelets.
However, the podolanin~CLEC2 interaction has only been extensively investigated in
platelets, with CLEC2 recently identified as a novel platelet activation receptor. Engagement
of CLEC2 on platelets leads to platelet aggregation (79), which plays a critical role in
maintaining the normal physiological functions of lymphatic vessels (80, 81). Platelet
interactions through podoplanin-CLEC2 have also been shown to be important in various
physiological and pathophysiological conditions, including but not limited to hemostasis,
thrombosis, brain development, and immune responses (79, 82). Readers are referred to
reference (79) for a review of the functions of CLEC2. A recent study also reported that the
podoplanin—-CLEC?2 axis is implicated in a murine sepsis model (intraperitoneal
lipopolysaccharide and cecal ligation and puncture). Activation of this pathway was shown
to inhibit the progression of inflammation by reducing the release of proinflammatory
cytokines and chemokines in serum as part of the cytokine storm associated with poor
outcomes in sepsis (83). Since podoplanin is expressed by monocytes and CLEC2 is
expressed by platelets, it is reasonable to speculate that these surface proteins may also be
involved in platelet-monocyte aggregate formation, although this has not been definitively
shown to date.
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Another perspective is to view the platelet—-monocyte aggregate as a functional unit since
platelets and monocytes have mutual effects on each other’s phenotype when forming
aggregates. Therefore, the aggregates may have distinct phenotype than platelets or
monocytes alone. Indeed, human platelets, monocytes, and platelet-monocyte aggregates
have been shown to have sophisticated interactions with endothelial cells in cardiovascular
diseases (84). Specifically, human platelet-monocyte aggregates have been shown to be
more capable of tethering and rolling on endothelial cells (85, 86). Moreover, human
platelet-monocyte aggregates also showed increased capability of transmigration compared
with monocytes without platelets attached (87). It is not yet clear whether there are similar
functions for platelet-monocyte aggregates in sepsis, but it is possible that inflammatory
responses in epithelium may be regulated by platelet-monocyte aggregates.

OVERVIEW OF PLATELETS IN SEPSIS

Platelets are known to be activated in septic patients (88, 89) through various mechanisms
including, but not limited to, the excessive formation of thrombin (90) (which is a potent
activator of platelets (91)), extensive exposure of collagen with upregulation of expression of
von Willebrand factor and tissue factor on activated endothelial cells (92), as well as C1q
binding to its receptor on platelets (93). The activation of platelets results in the release of
many bio-active molecules encapsulated within granules (alpha-granules, dense granules,
and lysosomes) of platelets, including coagulation regulators, chemokine, growth factors,
and adhesion molecules. These have broad interactions with both the coagulation and
immune systems, and are involved in sepsis-induced coagulation disorders and inflammatory
dysfunction during sepsis. In addition, platelets have been shown to constitutively express
functional toll like receptor (TLR4) (94, 95), which can be activated by pathogen-associated
molecular patterns and damage-associated molecular patterns. Engagement of TLR4
activates platelets in a non-canonical manner, and promotes pro-thrombotic, procoagulant
responses, and immune responses (95). Therefore, platelet-TLR4 activation bridges the
thrombosis and immune responses during sepsis (96). The role of platelets as sentinel innate
immune cells and the activation of innate immune signaling pathways leading to enhanced
thrombosis is known as immunothrombosis (97). Interestingly, NACHT, LRR, and PYD
domains-containing protein 3 inflammasome was also activated in platelets and contributed
to excessive IL-1p release and multi-organ injuries in a rat sepsis model (cecal ligation and
puncture) (98). Therefore, activated platelets may participate and shape the pathophysiology
of sepsis in a direct manner. On the other hand, activated platelets themselves have been
shown to directly bind to neutrophils. This interaction activates and shapes the
immunophenotype of neutrophils, producing more proinflammatory cells with higher
capacities for adhesion, phagocytosis, and generation of reactive oxygen species (99).
Moreover, activated platelets were shown to guide neutrophil transmigration via supporting
neutrophil adhesion to endothelial cells through sequential action of P-selectin and the beta
2-integrin CD11b/CD18 (100). Apart from immune cells, activated platelets can also directly
interact with endothelial cells, which are active participants in inflammation and play a
fundamental regulatory role in the progression of sepsis (101). It was reported that activated
human platelets could engage with human umbilical vein endothelial cells via CD40L
(CD154)-CD40 interactions, and subsequently induce expression of adhesion molecules and
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proinflammatory chemokines (CXCL8 (IL8) and chemokine (C-C motif) ligand 2
(monocyte chemoattractant protein-1)) in coculture condition /n vitro (101). Importantly,
activated platelets, as mentioned above, which play important roles in inflammatory
responses and activation of endothelial cells, were also reported to be a major player in the
development of multi-organ dysfunction in sepsis (102). One example of this is in sepsis-
induced acute lung injury (ALI) (103), where platelets and leukocytes accumulate
inappropriately and platelets directly bind to neutrophils via P-selectin-PSGL interaction to
stimulate neutrophils to release granules. The granule contents are implicated in the
degradation of surfactant proteins, apoptosis of epithelial cells, and induction of coagulation
disorders during sepsis (104). Another mechanism of platelet influence on ALI is via
promotion of excessive formation of neutrophil extracellular traps (NETS), which
subsequently cause secondary tissue damage and inflammation (105, 106). Platelet-derived
granzyme B has also been implicated in tissue damage through induction of cell apoptosis in
spleen and lung. This was reported to be dependent on cell-to-cell direct contact and could
be attenuated by platelet GPI1b/Il1a receptor inhibitor (107). Platelets also get involved in
other organ injuries induced by sepsis, such as acute kidney injury and sepsis-associated
cardiopathy (reviewed in (102, 108)). Additionally, platelets were also reported to be able to
engulf bacteria by themselves, such as Staphylococcus aureus, and thus mitigate the
clearance of the pathogens by phagocytes and serve as a nidus for prolonged infection (109).

Platelet effects may not all be detrimental, and platelets are known to participate in the
defense response against pathogens via facilitating leukocytes recruitment and infiltration as
well as promoting their capability of pathogen clearance (31, 110-113). For example,
platelets promotion of the formation of neutrophil NETs through interaction with neutrophils
is vital for trapping and clearing invading pathogens (106, 111, 114). Moreover, a previous
study from our lab group has shown that platelet-derived HMGB.1 played an essential role in
clearance of bacteria in murine polymicrobial sepsis model (cecal ligation and puncture) via
promotion of recruitment of neutrophils through platelet chemokines (platelet factor 4 and
regulated on activation, normal T cell expressed and secreted), as well as via increased
production of reactive oxygen species (31). For a more complete review of the roles platelets
in defense against pathogens, the reader is referred to reviews in (4, 110, 113).

In summary, platelets actively are involved in the pathophysiologic process of sepsis at
multiple levels, and are at the crossroads of the clotting cascade, immune response, and
endothelial cell activation (2, 108, 115). On one hand, platelets contribute to dysregulated
inflammatory responses and endorgan injuries. On the other hand, platelets also actively
participate in defense responses to clear invading pathogens and help restore host
homeostasis. Like many other events in sepsis, mechanism intended to act locally can lead to
damage and dysfunction when the process becomes more disseminated (113).

PLATELET-MONOCYTE AGGREGATES IN SEPSIS PATHOGENESIS

A recent study showed that circulating platelet-monocyte aggregates measured by flow
cytometry were significantly elevated as early as 4 h (approximately sepsis 90% vs. sham
60%) and subsequently peaked at 24 h (approximately sepsis 95% vs. sham 55%), with
levels persisting until 48 h in a model of murine peritoneal polymicrobial sepsis model (26).
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The number of platelets attached per monocyte was also significantly increased within 24 h
after sepsis, which was identified by the significantly elevated mean fluorescence intensity
of CD41 on monocytes by almost 20-fold (26). Similarly, results from another study showed
that coculture of human platelets and monocytes in the presence of LPS led to significant
increases of platelet-monocyte aggregation at 24 h (28). Interestingly, platelet—platelet
aggregation, platelets—monocyte aggregation, or platelet internalization (phagocytosis) by
monocytes all were shown to facilitate polarization of CD14" monocytes toward the
proinflammatory M1 phenotype in the presence of LPS. These effects were dependent on
cell—cell contact, where glycoprotein Ib (GP1b)-CD11b interactions were proven to play
critical roles in the engagement of platelet and monocytes (28). Notably, adding platelets 24
h or 48 h after initiation of monocyte differentiation was not able to shift the balance toward
M1 phenotype after LPS stimulation, which highlights the importance of early contact of
platelets and monocytes (or formation of platelet-monocyte aggregates) in the outcome of
immune and inflammatory responses (28).

In clinical settings of sepsis, platelet—-monocyte aggregates significantly increased in septic
patients compared with age and gender matched non-septic SIRS patients (11.70£2.94% vs.
5.64+1.53%) (116). Specifically, classical monocytes (CD147+*CD16™) were mainly
involved in platelet association to form platelet-monocyte aggregates, while intermediate
(CD14**CD16™) and non-classical monocytes (CD14*CD16**) remained unchanged.
Importantly, elevated platelet-monocyte aggregates in circulation were associated increased
mortality in septic patients (116). Similarly, increased platelet—-monocyte aggregates were
associated with higher risk of mortality in older septic patients (age>=65) and may be useful
as a predictive factor for outcomes in this older population. However, in younger septic
patients (age<65), no association was found between platelet-monocyte aggregates and
mortality, suggesting differences in pathophysiology of sepsis in aging that deserve
additional scrutiny (27). Additionally, it has been observed that the level of platelet—
monocyte aggregates varies between gram-positive and gram-negative bacterial sepsis, with
higher platelet-monocyte aggregate formation in patients infected with gram-positive
bacteria evidenced by higher median fluorescence intensity signal of platelet marker CD61
(15.6 [13.7-17.1] vs. 8.5[8.1-9.5]) (17). The mechanism behind this observation was not
clear but the authors speculated that the differences may relate to toxins released from gram-
positive bacteria (17).

Collectively, though many studies focus on the functions of platelets in sepsis, there are
fewer that investigate the role of platelet-monocyte aggregation in sepsis (Table 2). Based on
current literature, we have proposed a paradigm of platelet-monocyte aggregation and its
biological effects in sepsis (Fig. 2). More specific and definitive investigations are needed to
provide better understanding of the biological mechanisms, importance, and effects of
platelet-monocyte aggregates formed during sepsis.
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CHALLENGES AND LIMITATIONS OF CURRENT EXPERIMENTAL METHODS
TO STUDY PLATELET-MONOCYTE AGGREGATES

Platelets can be activated extremely easily /n vitro. Even during blood extraction, a small
amount of agitation is enough to activate platelets and cause significant artifacts in the
assessment of platelet-monocyte aggregation. This presents a significant technical challenge
when investigating mechanisms of platelet—-monocyte association in specific pathologic
conditions. Moreover, the number of monocytes in mouse peripheral blood is very limited,
and so most of the studies investigating mechanisms of platelet-monocyte interactions use
human blood as the source of monocytes and platelets for /n vitro coculture experiments.
While experiments using human samples can be illuminating and provide high relevance to
human disease, mechanistic studies are often only possible in animal model systems.

Flow cytometry is the most commonly used method to detect platelet-monocyte aggregates
in blood. However, data show that flow cytometry results varied greatly with different
sample processing (e.g., anticoagulant used, blood procurement method) (11, 117, 118).
Besides, given that monocyte may aggregate with varying number of platelets/or platelet-
derived vesicles, the flowcytometry method may be not sensitive enough to differentiate
those varying sizes of platelet—-monocyte aggregates. Moreover, in most of the cases, flow
cytometry is not always available right after sample preparation and delay of detection of
platelet-monocyte aggregates is very likely to increase artifacts (117). Recently, a new
technology referred to as image flow was used to study platelet-monocyte interactions.
Image flow combines the microscopy with flow cytometry and makes the process in the flow
cytometer visible and all cells with fluorescence signal can be inspected individually (119).
This new technology extends our tools of exploring the mechanism and effects of platelet—
monocyte aggregates. However, the inherent defects of this new technology are similar to
conventional flow cytometry and the results may vary greatly due to different sample
collection and processing, which could obscure in depth data interpretation. Therefore,
standardizing sample collection and stringently following processing workflow protocols is
probably needed to help make data between investigators comparable.

Notably, many studies discussed in this review employed /n7 vitro coculture techniques to
investigate how platelets affect the functions of monocytes, where platelets were activated by
various known agonists and then cocultured with autologous monocytes. This approach
limits the ability to define the importance of disease conditions on platelet interaction with
monocytes. This inevitably raises the question of pathological relevance of in vitro coculture
studies in recapitulating “real-world” interactions between platelets and monocytes.

On the gene level, to our knowledge, very few data have been collected to analyze monocyte
or platelet gene expression profiles and their alteration after their aggregation. Recently,
single-cell sequencing has shown increasing power in the investigation of cell biology on
gene expression level (120). The ability of single-cell sequencing to resolve gene changes to
a high level and differentiate between cell subtypes should reveal signatures of monocytes
after interacting with platelets compared with those without platelet interaction. Moreover,
gene comparison data would potentially reveal new mechanisms and functions associated
with interaction, and define new effects of platelet-monocyte interaction. However, single-
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cell sequencing will not be able to distinguish platelet-monocyte aggregates from platelets
phagocytosed by monocytes. Also, the low abundance of mRNA in platelets means that the
application of single-cell sequencing in exploring the transcriptome of platelets remains to
be validated, although bulk RNA sequencing of platelets has been successfully performed.

Phagocytosis of platelets by monocytes has been shown to occur in many cases. However,
the mechanism and cellular signaling of this biological phenomenon is not well described.
One of the critical reasons is the lack of robust and efficient investigating strategies. What
happens to platelets after phagocytosis is still uncertain. One study proposed a very
intriguing signaling pathway while investigating the interaction between platelets and
macrophages, which implicated amyloid precursor protein, a platelet constituent protein.
Amyloid cleavage into beta-amyloid peptide by macrophages following platelet
phagocytosis is thought to activate macrophages and increase expression of inflammatory
mediators (121). However, this pathway will require further confirmation.

FUTURE PERSPECTIVES

Despite some progress in the field the mechanism of regulation of platelet—-monocyte
aggregates remains poorly understood and little is known about the molecular regulation
network behind it. A better understanding of the regulation network could be the basis of
novel drug discovery and intervention approaches. One area of interest is in regulation of
platelet activation, as this plays an essential role in the formation of platelet-monocyte
aggregates. There are already a multitude of drugs (e.g., aspirin and clopidogrel) that
interfere with platelet activation that could potentially regulate platelet-monocyte
aggregation. Another interesting area of study is the location of platelet-monocyte
aggregates. Almost all published literature report detection of aggregates only in the blood/
circulation using flow cytometry. It is possible that platelet-monocyte aggregates form in the
tissue, but more studies are needed to validate this speculation. Moreover, aggregation of
varying numbers of platelets and/or platelet-derived vesicles may cause a varying size of the
aggregates. But little is known about the biological indications of the size of platelets—
monocyte aggregates. Additionally, there are questions about where platelet-monocyte
aggregates go after they are formed, how long they stay in circulation, and how they are
resolved in sepsis. Therefore, more studies definitely seem appropriate potentially making
use of the new techniques.

To date, data relating to platelet-monocyte interactions in sepsis are quite limited. Given that
platelet-monocytes were reported to participate in pathophysiology of other diseases
associated with dysregulated inflammation (e.g., cardiovascular disease and trauma, as
mentioned in this review), it is reasonable to speculate that all those findings regarding the
mechanisms of platelet-monocyte aggregation and possible roles they play in those
conditions are likely to be shared by sepsis. However, this hypothesis does need to be
definitively tested and other factors potentially affecting the formation of platelet-monocyte
aggregates in sepsis, such as the role of gender and age, need to be defined.

Interestingly, antiplatelet drugs (aspirin and clopidogrel) have been shown to play a very
prominent role in the regulation of inflammation and immune cells (neutrophils and
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monocytes) activation (122, 123). Pretreatment of mice subjected endotoxemia with
clopidogrel was shown to suppress pro-inflammatory genes expression. In clinical settings,
aspirin and P2Y 12 inhibitors (clopidogrel) have been observed to have a significant anti-
inflammatory role and decrease the level of C-reactive protein, P-selectin, and platelet—
leukocyte aggregates in peripheral blood of patients, which therefore has been proposed as a
potential target for the treatment of sepsis (124, 125). The point here is that antiplatelet
drugs may potentially affect the formation of platelet—-monocyte aggregates, which is likely
to be a mechanism of how antiplatelet drugs function in modulating the pathophysiology of
sepsis. Therefore, future studies may focus on how antiplatelet drugs affect platelet—
monocyte aggregation.

SUMMARY AND CONCLUDING REMARKS

Sepsis is still a worldwide leading cause of death, characterized as early excessive
inflammatory response followed by complex regulation of immune dysregulation. Great
effort has been put into studying the roles of platelets, monocytes, and their interactions in
the pathogenesis of sepsis. However, the mechanism of platelet—-monocyte interaction in
sepsis is poorly understood. It is commonly accepted that activated platelets bind to
monocytes predominantly via P-selectin and subsequently trigger downstream signaling
pathways to alter monocyte phenotype. Meanwhile, many other surface molecules are at
least partially involved in this interaction and further consolidate it. Nevertheless, the exact
roles of these aggregates in sepsis are still not fully uncovered, in part, because of the
limitations of existing techniques for investigation. There is potential for new data to have a
significant impact in our knowledge of platelet-monocyte interactions, and to lead to novel
therapeutics.
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Fig. 1. Monocyte/macrophage phagocytosis of platelets.
Activated platelets expose phosphatidylserine (PS) on their membrane and aggregate with

monocytes via P-selectin-PGSL-1 interaction. The engagement of PS and its receptor
triggers the process of phagocytosis, which promotes monocyte survival by regulation of
apoptotic pathways. Phagocytosis of platelets may also participate in regulation other

biological processes, such as metabolism.
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Fig. 2. Platelet-monocyte interactions.
A, Activated platelets upregulate surface expression of P-selectin, which binds to receptor P-

selectin glycoprotein ligand-1 (PSGL-1). This initiates aggregation of platelets and
monocytes. Aggregation is further consolidated by potentiation of other ligand—receptor
interactions, including CD40L (CD154) with CD11b/CD18 (MAC-1). Simultaneously,
activated platelets release chemokines and cytokines (e.g., PF4, RANTES, TGFp), which
bind to cognate receptors on monocytes, initiating intracellular signal transduction and
alteration of monocyte function. B, Monocytes are activated after aggregation with platelets,
and release a variety of proinflammatory cytokines (e.g., IL6, IL1B, TNFa), which
contribute to the dysregulated inflammatory response after sepsis. C, Aggregation of
platelets and monocytes induces expression of adherent molecules on monocyte cell surface
and promotes monocyte—endothelial interactions and potentiates monocyte transmigration to
the infection site. D, Platelets—monocyte aggregation induces M1 polarization of monocytes.
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