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Initially underestimated as platelet dust, extracellular vesicles are continuously gaining
interest in the field of inflammation. Various studies addressing inflammatory diseases
have shown that microvesicles (MVs) originating from different cell types are systemic
transport vehicles carrying distinct cargoes to modulate immune responses. In this
study, we focused on the clinical setting of multiple trauma, which is characterized by
activation and dysfunction of both, the fluid-phase and the cellular component of innate
immunity. Given the sensitivity of neutrophils for the complement anaphylatoxin Cha,
we hypothesized that increased Cba production induces alterations in MV shedding
of neutrophils resulting in neutrophil dysfunction that fuels posttraumatic inflammation.
In a mono-centered prospective clinical study with polytraumatized patients, we found
significantly increased granulocyte-derived MVs containing the Cb5a receptor (C5aR1,
CD88) on their surface. This finding was accompanied by a concomitant loss of C5aR1
on granulocytes indicative of an impaired cellular chemotactic and pro-inflammatory
neutrophil functions. Furthermore, in vitro exposure of human neutrophils (from healthy
volunteers) to Cba significantly increased MV shedding and C5aR1 loss on neutrophils,
which could be blocked using the C5aR1 antagonist PMX53. Mechanistic analyses
revealed that the interaction between C5aR1 signaling and the small GTPase Arf6 acts
as a molecular switch for MV shedding. When neutrophil derived, C5a-induced MV
were exposed to a complex ex vivo whole blood model significant pro-inflammatory
properties (NADPH activity, ROS and MPO generation) of the MVs became evident.
Cba-induced MVs activated resting neutrophils and significantly induced IL-6 secretion.
These data suggest a novel role of the Cb5a-CbaR1 axis: Cba-induced MV shedding
from neutrophils results in decreased C5aR1 surface expression on the one hand, on
the other hand it leads to profound inflammatory signals which likely are both key drivers
of the neutrophil dysfunction which is regularly observed in patients suffering from multiple
traumatic injuries.

Keywords: multiple trauma, microvesicle shedding, anaphylatoxin C5a, C5aR1, neutrophils, polymorphonuclear
neutrophils (PMNs), inflammation
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Cba Alters Neutrophil Microvesicle Shedding

FIGURE 3 | C5a alters MV shedding in PMNs. (A) PMNs were stimulated for 0, 10, 30, 60, and 240 min with C5a (100 ng/ml) or LPS (5 ug/ml) and supernatants were
analyzed by FACS. Untreated cells served as control. n = 10, One-Way ANOVA followed by Student-Neuman-Keuls post-hoc testing was performed for each time
point, *p < 0.05. (B) MVs from supernatants were further analyzed for expression of C5aR1 by FACS. n = 3 per group, *p < 0.05. (C) Heat map and gene list of
selected and differentially regulated genes upon C5a treatment in in neutrophils after 1 h (n = 3 per group).

functions including myeloperoxidase (MPO) release and reactive
oxygen species (ROS) generation. For this purpose, resting
PMN'’s were incubated with C5a-generated MVs from autologous
donors. MVs derived from PMNss after C5a stimulation induced
activation of p47PP°%, a key component of the NADPH oxidase
(Figures 7A,B). As a result, C5a-generated MVs induced a
significant increase in ROS production in PMNs (Figure 7C).
Furthermore, MPO secretion was significantly increased in the

presence of C5a-MVs (Figure 7D). To further characterize the
impact of MVs on inflammation, we incubated whole blood with
the C5a-generated MVs for 1 and 4 h and detected a significant
increase of the secreted pro-inflammatory cytokine IL-6 at both
time points compared to control MVs (Figure 7E). Western
blotting revealed no residual C5a in MV preparations, ruling out
a direct contribution of C5a to the observed pro-inflammatory
effects (Supplemental Figure 4).
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FIGURE 4 | Effect of the C5aR1-antagonist PMX53 on vesicle shedding. (A) Upper panel shows merged image of F-actin staining (red, Phalloidin-Alexa Flour 568)
and nuclei staining (DAPI) of fixed PMNs, untreated, after treatment with native human C5a (100 ng/ml), and Cba treatment in combination with PMX53 (10 M) for
1h, respectively at 630x magnification. Lower panel with further zoom-in on PMNs from the upper panel, white arrows indicate shed MVs. Experiment was repeated
at least three times. (B) Quantitative analysis of shed MV at different C5a concentrations and in presence of the PMX53 together and alone in 10 pl supernatant (n =
3). *p < 0.05.

DISCUSSION pathogen-associated molecular patterns including LPS. As

first line of defense, the complement system promptly initiates
Trauma induces tissue injury, characterized by disruption of  a complex cascade of activation pathways resulting in early
micro-and macrobarriers, which releases danger-associated  generation of anaphylatoxins (39). Immune complexes initiate
molecular patterns (DAMPs) including histones, DNA, activation of the classical pathway of complement (40, 41),
and HMGBI1 from mechanically damaged or necrotic cells.  while foreign surfaces and pathogen-specific proteins activate
Furthermore, loss of barrier integrity exposes the host to  the lectin (42) and alternative pathway (43). Moreover, acidic
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FIGURE 5 | PMX53 and NAV2729 show similar effects in blocking C5aR1-positive MV shedding. Representative flow cytometry panels for C5aR1 expression (FITC)
(A) on PMNs or (B) in PMN supernatants including C5aR1* MV counts in Q2 after 1 h stimulation in the presence of PMX53. Quantitative analysis of flow cytometry
data showing (C) C5aR1 expression on PMN surfaces (FITC MFI) and (D) C5aR1* MV counts. Quantitative flow cytometry analysis including the MV-specific inhibitor
NAV2729 (10 M) (E) for C5aR1 expression (FITC MFI) on PMNs and (F) C5aR1* MV counts in 10 pl PMN supernatants after 1 h, n = 4 per group, respectively. * p <
0.05.
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FIGURE 6 | C5aR1 expression and MV shedding after incubation of PMNs with serum obtained from PT patients (S PT) and healthy donors (S Healthy). PMNs were
incubated in HBSS++ buffer supplemented with 20% of pooled human serum from PT patients or from healthy donors for 1 h. (A) Quantification of C5aR1 expression
on PMNs and (B) C5aR1* MV counts in 10 wl of PMN supernatants after incubation. n = 4, *p < 0.05.

environments due to tissue hypoperfusion have been described  specific role of C5a in PMN MV shedding is also supported
to activate the alternative pathway of complement (44). Besides by our data: increased C5aR1™ MV generation and loss of
the three established pathways of complement activation, C5aRl1 from neutrophils after stimulation with PT serum
extensive crosstalk between the complement and the coagulation =~ was completely abolished after C5aR1 blockade; furthermore,
system further activates complement via thrombin generation  stimulation of PMN with trauma-relevant concentrations of
(45). Both systems are further triggered by surgical interventions  other pro-inflammatory cytokines and chemokines (53) did not
and several biomaterials implanted for fracture care (46). have any effects on MV generation or cellular C5aR1 content.
The anaphylatoxin C5a is widely described for detrimental ~ Furthermore, we point to a promising therapeutic strategy since
effects in the context of inflammation and trauma. In  PMXB53,a potent C5aR1 antagonist, completely blocked shedding
neutrophils, C5a induced significant morphological changes  of C5aR1-positive MVs (Figure 8). The pharmacological profile
including calcium-independent actin polymerization, ruffling, = of PMX53 have been extensively studied in several animal models
and cell polarization (47). In a previous study, we have shown  including mice (54) and rats (55). Also in humans, oral and
changes in the cell shape by increased length and decreased  topical administration was found to be safe and well-tolerated
width, decreased cell circularity, and enhanced deformability = and successfully completed phase I clinical trials (33). Currently,
(10). Besides changes in cellular morphology, C5a is also ~ PMX53 is evaluated in clinical studies addressing inflammatory
described to enhance neutrophil adhesion to endothelial and  disorders including patients with rheumatoid arthritis and
epithelial cells (48). Especially, high C5a levels are associated with ~ psoriasis (56). In trauma patients, no clinical data is available
neutrophil dysfunction, resulting in impaired immune responses  so far. Considering an administration time point after PT, early
including chemotaxis (14) and phagocytosis (4). Moreover, high  application of PMX53 (at the 0h time point), could provide a
concentrations of C5a (0.5-2 pg/ml) have prevented caspase-9  therapeutic benefit in future clinical studies.
activity and thus delayed apoptosis in neutrophils (49, 50). To Changes in circulating MV levels and their cellular origin
date, C5a-induced loss of the C5aR1 on neutrophils is suspected ~ have previously been described in inflammatory conditions
to be responsible for post-traumatic cell paralysis and thus, including trauma and sepsis (57). The cellular and tissue
among other factors, could explain the high susceptibility of  origin of circulating MVs can provide important insights
trauma patients to infectious complications (14, 15). The role  into disease pathogenesis. Severe injury causes changes of
of C5aR2 still remains unclear and is controversially discussed ~ MV phenotypes including increased shedding of platelet-,
in the literature. While a study showed that C5aR2 may act  erythrocyte-, endothelial-, and monocyte-derived MVs, which
as negative regulator of C5a-C5aR1-mediated responses (51), are able to promote coagulation (58, 59) and inflammation
another study described pro-inflammatory features of C5aR2 in  in trauma (57, 60). Moreover, erythrocyte-derived MV have
C5a-primed neutrophils (52). In our study, C5aR2 expression  been shown to activate pulmonary endothelial cells by increase
on PMNs was unaltered after PT during the early phase after ~ of ELAM-1 and ICAM-1 expression as well as leukocyte-
injury; in addition, C5a signaling inducing MV-dependent C5a  recruitment into the lung, which aggravated lung injury (61).
complement receptor shedding was specifically mediated via the ~ Although elevated numbers of granulocyte-derived MVs after
C5aRl1, suggesting that C5aR1 is the main receptor involved  trauma, major burn, and sepsis have been reported (24, 62, 63),
in mediating C5a-induced neutrophil dysfunction. This highly  there is still little knowledge about their role in trauma and
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generated MVs for 1h at 37°C. PMNs without MV stimulation served as control. (B) Quantification of phospho-p47P1°% signal intensity of PMNs whole cell lysates from
three donors. *p < 0.05 compared to PMN without MV control. (C) Time-dependent ROS generation in PMNs incubated with MVs, n = 3, *p < 0.05. (D) MPO
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sepsis. Since neutrophil dysfunction has been observed early
after injury in trauma patients, we focused on neutrophil-derived
MVs and further characterized their inflammatory features
by functional PMN assays. There is emerging evidence that

complement activation products can influence MV shedding
while simultaneously changing their features, which can boost
an imbalanced inflammatory responses (64). In the present
study, we demonstrated for the first time a direct mechanistic
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Cbha loose C5aR1 surface expression induced by C5aR1 signaling and Arf6-mediated shedding of C5aR1-positive MVs. Furthermore, these MVs show increased
CD66b and C5aR1 expression, which show pro-inflammatory features when incubated with resting PMNs. C5a induces shedding of MVs, which lead to NAPDH
oxidase activation, ROS generation and MPO release in resting PMNs. Moreover, IL-6 generation was observed when these MVs were incubated in whole blood.
PMX53 and the Arf6-selective compound NAV2729 can block the shedding of C5aR1-positive MVs from PMN surfaces and its inflammatory effects.

link between complement C5a and the MV shedding profile
in neutrophils. These effects are likely of importance for the
observed neutrophil dysfunction on the one hand and for
aggravation of inflammation after multiple injury on the other
hand. As in our previous study in a different trauma cohort
(5), we found a post-traumatic loss of the C5aR1 on human
neutrophils compared to healthy volunteers starting during
the first 24h after injury. Furthermore, we observed a clear
and marked elevation of circulating granulocyte-derived MV
numbers in polytraumatized patients. However, the relatively
small number of patients did not allow us to perform reliable
correlation analyses; for that reason, future studies need to
include a larger number of patients to assess a possible
connection between increased post-traumatic C5a plasma levels
(1) and an increase in PMN-derived C5aR1 positive MVs.
Moreover, we observed a higher variability in MV counts in PT
patients, which could be explained by the high variability in the
clinical cohort including injury mechanism, pattern, and severity
as well as the extent of blood loss and need for transfusion, which
could all influence the number of MV (Table 1).

Furthermore, it is well-established that MV budding depends
on ADP-ribosylation factor 6 (Arf6), regulating selective
recruitment of proteins into MVs, and promoting MV release

(35, 65). Expression of a constitutively active form of Arf6 also
induces a significant increase in RhoA activity, both resulting in
significantly increased MV formation (66). We were able to block
both MV secretion and loss of surface C5aR1 by specific blockade
of Arf6, demonstrating a so far unknown interaction between
C5aR1 signaling and Arf-6-mediated downstream effects in MV
shedding (Figure 8).

Besides Arf6, other members of small GTPases are also
involved in vesicular trafficking and MV formation. Both cargo
sorting and MV shedding are tightly regulated by several
small GTPases, including members of the Arf (Arf6 and Arfl),
Rab, and Rho (Racl and RhoA) families (35, 67). To unravel
intracellular events following activation of the C5a/C5aR1 axis,
we performed whole genome microarray analyses. Although
we could not find changes in the expression pattern of Arf
proteins, we detected significant alterations in other small
GTPases including RHOQ and RRAGC, also known to be
involved in MV generation. We also found significantly increased
expression of Arf-like (Arl) genes including Arlll, which
belong to another family of small GTPases and are involved
in regulation of vesicular transport, membrane trafficking, and
cytoskeletal remodeling (68). The GTP-GDP cycle in small
GTPases is tightly regulated by guanine nucleotide exchange
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factors (GEFs) (69). We identified significant changes in GEF
expression, which are involved in regulating GTPases and thus
downstream MV shedding. Furthermore, we observed significant
upregulation of PIP4P1 expression after C5a stimulation, a
known interaction partner of Arf6 and MV formation (70). MVs
possess a specific lipid composition enriched in phospholipids
including PS, phosphatidylcholine, and sphingolipids (71), which
seems to critically promote uptake by recipient cells (72). In
this context, we found changes in expression of GLA, GBA,
and SPHKI encoding for proteins which can act to regulate
the lipid composition in the plasma membrane, playing a
crucial role in sphingo- and phospholipid metabolism (73).
SPHK1 is also described to be involved in sorting of vesicle
cargoes of extracellular vesicles including MVs and exosomes
(74, 75). A future lipidomic approach might reveal here more
mechanistic insights.

Beyond the functional activation, our study reveals that C5a-
induced MVs possess pro-inflammatory features and are able to
activate resting neutrophils by inducing NADPH oxidase activity,
ROS production, and MPO release as central mechanisms
in the defense against bacterial and fungal pathogens. As a
translational effort, we were able to demonstrate significant IL-
6 generation in an ex vivo whole-blood model after addition
of Cs5a-induced MVs. Besides monocytes and macrophages,
mast cells and basophils (76), antigen-presenting cells and T
cells including CD4% T cells (77) and T-helper 17 cells have
been described to produce IL-6 during inflammation (78, 79),
while neutrophils have shown limited capacity in generating
IL-6 (80, 81). Concerning our ex-vivo whole-blood model, it
can be assumed that C5a-generated MVs induce IL-6 secretion
mainly by monocytes, basophils and CD41 T cells. Previous
studies addressing the inflammatory features of PMN-derived
MVs (PMN-MVs) did not show uniform results so far (82).
Some cartilage-protective features of PMN-MVs in the context
of joint inflammation have been proposed (83); furthermore,
PMN-MVs were shown to limit the inflammatory response
in macrophages (84). However, the type of stimulus seems to
influence the inflammatory properties of PMN-MVs. In the
context of acute lung injury, neutrophils have been described
to release MVs which can induce activation of the endothelium
(85), platelets (86), and other inflammatory cells (18). In the
present study, it remains unclear which component of the
C5a-generated MVs may be responsible for their considerable
pro-inflammatory features. Our results clearly show that C5a-
generated MVs did not contain residual C5a, indicating that
these pro-inflammatory effects are not C5a-mediated and rather
may originate from an altered MV composition. C5a stimulation
may have affected the MV cargo and composition in comparison
with those released during physiologic conditions or from
unstimulated granulocytes (87, 88). Furthermore, extracellular
vesicles in general have a comparably large and distinct lipid
composition, harboring lipid mediators such as cholesterol,
sphingomyelin, phosphatidylserine, and glycosphingolipid, and
this phospholipid content is proportionally richer compared
to their cellular sources (89). In a previous study, we could
demonstrate that in vitro stimulation of monocytes with LPS led

to changes in their MV phospholipid composition (90). More
likely, the observed shedding of C5aR1 from the cellular surface
to circulating MVs could represent a compensatory mechanism
of activated neutrophils in order to reduce cellular effects of C5a
as well as increase circulating C5aR1, as a decoy receptor to
scavenge excessive C5a. Taken together, our findings confirm the
hypothesis that C5a can induce MV shedding and significantly
alter inflammatory MV features through C5aR1 signaling and
subsequent Arf6 involvement. Thus, our study provides a better
understanding how MV act on the pathophysiology of multiple
trauma. Inhibition or reduction of neutrophil MV shedding by
targeting C5aR1 may represent a promising approach in order to
protect PMN functionality and restore the MV balance during
systemic inflammatory conditions such as PT and sepsis.
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