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Infections in trauma patients are an increasing and substantial cause of
morbidity, contributing to a mortality rate of 5-8% after trauma. With
increased early survival rates, up to 30-50% of multitrauma patients develop
an infectious complication. Trauma leads to a complex inflammatory cascade,
in which neutrophils play a key role. Understanding the functions and
characteristics of these cells is important for the understanding of their
involvement in the development of infectious complications. Recently,
analysis of neutrophil phenotype and function as complex biomarkers, has
become accessible for point-of-care decision making after trauma. There
is an intriguing relation between the neutrophil functional phenotype on
admission, and the clinical course (e.g., infectious complications) of trauma
patients. Potential neutrophil based cellular diagnostics include subsets based
on neutrophil receptor expression, responsiveness of neutrophils to formyl-
peptides and FcyRI (CD64) expression representing the infectious state of
a patient. It is now possible to recognize patients at risk for infectious
complications when presented at the trauma bay. These patients display
increased numbers of neutrophil subsets, decreased responsiveness to fMLF
and/or increased CD64 expression. The next step is to measure these
biomarkers over time in trauma patients at risk for infectious complications,
to guide decision making regarding timing and extent of surgery and
administration of (preventive) antibiotics.

trauma, inflammatory, neutrophil, infection, longitudinal

Outline

Trauma leads to a complex inflammatory cascade that can cause an acquired
immunodeficiency, which makes patients prone to develop infectious complications
(1). Neutrophils play a key role in these processes (2). Distinct neutrophil subtypes
with different functions exist, and these cells participate in the development and/or
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recovery of infectious complications after trauma (3-5).
Recently, analysis of neutrophil phenotype and function as
complex biomarkers has become accessible for point-of-care
decision-making in the management of trauma patients (6).
The aim of this narrative review is to discuss the potential
use of longitudinal assessment of the neutrophil compartment
by point-of-care flow cytometry. The goal of these sequential
measurements over time is to guide clinical decision-making
regarding end goals of resuscitation, indication and timing
of immune protective surgery in a damage control setting
as well as definitive surgery and the administration of
(preventive) antibiotics.

The immunological response to trauma is initiated at the
moment of injury. At this point, two inflammatory responses
are induced in parallel. The systemic pro-inflammatory
response to tissue damage makes patients susceptible to
multi organ dysfunction syndrome (MODS), while the
simultaneous immune paralysis makes patients susceptible to
late infectious complications (7). Additional trauma caused
by (operative) interventions can worsen this inflammatory
response, thereby, increasing the risk of inflammatory and
infectious complications (1). From a clinical perspective, these
processes can complicate the course of trauma patients by early
pro-inflammatory complications during the first 4 days after
trauma and by late-onset (>5 days) sepsis, which is suggested
to have a relation with the magnitude of the inflammatory
response in the beginning (8-11).

This relation between extent of the inflammatory response
and the activation of the immune system can be measured
by multiple neutrophil biomarkers for both phenotype and
function (12). The next step is to measure neutrophil biomarkers
at different time points after trauma to guide decision making
regarding timing and burden (i.e., approach and extent) of
surgery and administration of (preventive) antibiotics.

Clinical relevance

Injury is the leading cause of death in young individuals
(13). Due to advances in the organization of trauma care,
hemorrhage control, surgical approaches and resuscitation,
overall mortality after trauma has declined up to 75% in
recent decades (14-17). With increased early survival rates,
infections are the most common complications affecting trauma
patients (18, 19). Thus, infections are an increasing and
substantial cause of morbidity, contributing to a mortality
rate of 5-8% after trauma (17, 20). A large number of
trauma patients are able to survive the first critical phase
after trauma, which creates new challenges in terms of
diagnostics and treatment in longitudinal management of
trauma patients.

Injury induces an immediate innate immune response,
leading to a complex inflammatory cascade that induces both
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immune activation and a refractory immune state in parallel
(21). Neutrophils are the first immune cells responding to tissue
damage and invading pathogens and they are known to play a
key role in regulating the inflammatory response after trauma
(2). Recently, analysis of neutrophil phenotype and function
(e.g., neutrophil size, neutrophil subsets, neutrophil activation
markers, responsiveness of these markers to bacterial stimuli)
has become accessible to such extent that they can be used for
point-of-care (POC) decision making after trauma (6).

Until now, studies mainly focused on the assessment of the
neutrophil functional phenotype on admission at the trauma
bay. In this setting, a relation between neutrophil phenotype
on admission and the clinical course of trauma patients (e.g.,
inflammatory, and infectious complications) was demonstrated
(8-11). However, the course of the inflammatory response is
dynamic in time and is driven by both patient characteristics,
injury type and severity, timing and burden (i.e., extent)
of (operative) interventions. Further determination of these
changes over time will increasingly facilitate personalized care of
injured patients. As it is now possible to measure the neutrophil
functional phenotype at any time point after trauma in a fast
and non-labor intensive manner (12), the longitudinal course
of the inflammatory response and the impact of additional
interventions can be measured.

Inflammatory responses after
trauma

The innate immune response is initiated by injury-related
tissue damage, coined as “the first hit” (22). The amplitude
of this response is thought to be determined by the severity
and type of injury (6, 9, 11, 23). The response is characterized
by two responses developing in parallel. Firstly, a pro-
inflammatory response is mediated by a systemic inflammatory
response to tissue damage, in reaction to damage-associated
molecular patterns (DAMPs) and microbe-associated molecular
patterns (MAMPs) (24). A dysregulated pro-inflammatory
response can increase susceptibility to (multi) organ failure
such as ARDS or MODS (9). Neutrophils might also help
to resolve tissue damage by the release DNA structures that
are formed like a web, namely neutrophil extracellular traps
(NETs). NETs could contribute to preventing dissemination of
(larger) pathogens (25). However, when neutrophils produce
too many NETs as a reaction to trauma, these toxic structures
further amplify the pro-inflammatory response, contributing
to an imbalanced immune reaction (26). Secondly, an anti-
inflammatory response is mediated by a refractory immune
state, which leads to immune paralysis and susceptibility
to infectious complications e.g., sepsis. Recently, it became
clear that although these responses appear clinically distinct,
the underlying immunological mechanisms, in terms of
the appearance of neutrophil subsets and pro-inflammatory
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cytokines e.g., IL-6 and IL-10, start simultaneously and
immediately after the injury (8, 27-30).

Additional trauma caused by surgical intervention, generally
referred to as “a second hit,” can contribute to a further
dysregulation of the immune response, thereby increasing the
risk of inflammatory/infectious complications (31). Over the
past decade surgical procedures were shortened to minimize
the effect of such a second hit. This physiological and
immune protective surgery is becoming more and more
recognized as important in the early phases of treatment after
trauma. Over time, different strategies have been practiced
for treating multitrauma patients that are considered too
unstable for early total care. The concept of damage control
surgery (DCS) has come up since the 1990s, focusing on
improving survival by rapidly controlling hemorrhage and
contamination by a brief initial operation. Only when a
patient becomes hemodynamically stable, definitive surgery is
performed (22). Nowadays, a strategy that focusses on early
fixation of bones, combined with a continual reassessment of
the reaction and response to injury and surgery, has gained
popularity. When physiology (e.g., in terms of physiological
or immunological response) deteriorates, fixation should be
delayed until the patient stabilizes (32). This strategy is coined
early appropriate care.

Over the past decades, due to advanced hemorrhage control
(damage control surgery and damage control orthopedics)
and (damage control) resuscitation, a decrease in mortality
and a significant lowering of the incidence of inflammatory
complications (e.g., ARDS, MODS) was observed (33-35). This
had consequences for studies before 2010 and after 2012,
during which the inflammatory marker interleukin-6 (IL-6) was
measured (11, 36, 37). In the earlier period 2006-2010 higher
injury severity scores (ISS) and higher concentrations of IL-
6 were found to correlate with inflammatory complications.
Interestingly, this correlation between IL-6 and ISS was lost
in studies published after 2012, where a lower incidence of
inflammatory complications was observed (see Table 1) (11, 36—
38). Thus, despite a pronounced initial inflammatory response,
the systemic inflammation was lower leading to a decrease in
inflammatory complications most likely due to ongoing better
management of trauma care (39).

In addition, in a cohort study with thirty-three patients
with acute burn patients, a clear dose response relation was
found between the degree of skin injury and the percentage
of banded neutrophils. Furthermore, patients with additional
thermal inhalation injuries were characterized by a decreased
responsiveness of fNLF of neutrophils in peripheral blood. This
indicates that burn injuries cause a mild activation of systemic
cellular inflammation, and that additional thermal inhalation
injury induces refractory systemic neutrophils, possibly leading
to an increased susceptibility to infectious complications. These
results are not published.

Currently, the mortality after trauma is increasingly
caused by neurotrauma (33, 40, 41). This illustrates that the
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pro-inflammatory response, that used to be causing hyper-
inflammatory systemic conditions, seems more under control
(33). This leads now to an anti-inflammatory imbalance with
new clinical challenges, such as recognition and treatment
of late (>5 days) infections mainly resulting in increased
morbidity. A dysregulation of the immune response, in which
neutrophils play a pivotal role, predisposes patients to these
infectious complications (11). Understanding the functions and
characteristics of neutrophils is important to understand their
involvement in the development of infectious complications.

Potential neutrophil biomarkers
for treatment of trauma patients

The immediate immune response directly after trauma
is regulated by many humoral and cellular mediators
including leukocytes, coagulation, systemic cytokine release
and complement cascades (42). Neutrophils are the most
abundant innate effector cells and belong to a final common
pathway causing tissue damage upon hyper activation of
these cells (2). Therefore, research over the past decades
has focused on identification of complex activation of
neutrophils to identify trauma patients with high risk on
adverse outcome. An overview of the investigated markers is
described below.

Cell size and granularity of neutrophils

White blood cell count (WBC) and differentiation into
leukocyte subsets have been extensively investigated in trauma
patients. A marked increase of WBC and especially neutrophilic
granulocytes has been noted after trauma, but this increase in
cell numbers per se was found to be of no prognostic value
(43, 44). In addition, WBC morphological parameters have been
assessed to identify patients at risk. An increase in neutrophil
cell size was observed in non-survivors after severe trauma,
implying an increased cell size to be a predictor for mortality
(45). Thereafter, in another cohort, a rise in neutrophil cell
size preceded the clinical manifestation of organ dysfunction

TABLE 1 Incidence of SIRS, sepsis and ARDS were tested using
Fisher's exact test.

Early period  Late period  P-value
Number of patients (n) 19 15
Study period 2006-2010 2012-2016
SIRS 14 14 0.18
Sepsis 4 1 0.34
ARDS/MODS 8 0 0.003*

Significant value in indicated with *. SIRS, systemic inflammatory response
syndrome; ARDS, acute respiratory distress syndrome; MODS, multiple organ
dysfunction syndrome.
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in every patient with a complication (46). Unfortunately, it
remains to be determined which precise mechanisms underlie
the increase in neutrophil cell size.

A partial explanation for an increased cell-size could be
the influx of immature neutrophils in the peripheral blood
(47, 48). It is known that immature neutrophils appear in
the bloodstream as a result of the inflammatory reaction
immediately after trauma; generally referred to as a left shift (49,
50). These young neutrophils with a larger cell size are known
to have a C shaped (“band”) nucleus instead of a lobulated
nucleus. The neutrophil left shifts have proven their diagnostic
value in patients with a bacterial infection (51). However,
routine analyzers are not able to recognize a left shift of banded
neutrophils in trauma patients, while they are able to do so
in infectious patient groups (52). So, the question remains if
banded neutrophils in trauma patients are different in function
and phenotype from banded neutrophils in patients suffering
from an infection. Further research has focused on phenotyping
neutrophils based on receptor expression (CD16/CD62L), as
this is a more accurate method to identify different phenotypes
of neutrophils in trauma patients (6).

Subsets of neutrophils

Under homeostatic conditions, only a homogeneous
population  of  mature identified by
CD16"right/CD62LPright the peripheral
blood. However, during acute inflammation, neutrophils in the

neutrophils
cells circulate in
peripheral blood can be divided into different subsets based
on the expression of specific surface proteins (CD16/FcyRIII
and CD62L/L-selectin) (3). Immediately after trauma, large
numbers of immature neutrophils with a banded shaped nucleus
(CD16%™m/CD621P18MY) enter the circulation and after several
days also hypersegmented neutrophils (CD16""8"/CD62L4™)
can be observed (Figure 1) (50, 53). Interestingly, these
neutrophil subsets based on the expression of CD16 and CD62L
have different functions (3, 54). Landmark studies in healthy
controls, who received lipopolysaccharide (LPS) inducing
systemic inflammation, showed that banded (immature)
neutrophils display a higher killing capacity than segmented
neutrophils and that hypersegmented neutrophils are associated
with almost immediate bacterial outgrowth, due to impaired
intracellular killing after adequate phagocytosis (3). In addition,
polytrauma patients who developed infectious complications
had significantly higher percentage CD169™/CD62LPright
(banded) neutrophils in the blood immediately after trauma
compared with polytrauma patients who did not develop
infectious complications (6).

Neutrophil left shifts (influx of immature CD16%™ (banded)
neutrophils into the blood) are observed immediately after
trauma but quickly disappear after approximately 1 day (5).
This well-known phenomenon is explained by a massive
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mobilization of neutrophils from the bone marrow (50).
This can lead to a subsequent imbalance of the neutrophil
compartment and the bone marrow might be unable to fully
compensate in time for the loss of these well-functioning
neutrophils that can live up to 5 days under homeostatic
conditions (55, 56). This phenomenon might be the driving
force for the clinical observation that the trauma patient
becomes highly sensitive to infectious complications after 5-
6 days post trauma (Figure 1) (57).

On the hand, CDg2Ldim (hypersegmented)
neutrophils appear in the peripheral blood several days

other

(>3 days) after trauma with a peak after 10 days (5). These
CD62L4™ neutrophils were shown to have impaired killing
capacity and a reduced acidification capacity, but they have
immunoregulatory characteristics that could be important for
keeping the balance in the immune response (54). The presence
of high numbers of CD62L4™ neutrophils during the days to
weeks following severe trauma might play a significant role
in the risk of infectious complications in trauma patients but
this concept needs more experimental support. It is, however,
known that the first systemic infectious complications that have
consequences for the clinical course of the patient arise at the
end of the first week after trauma (58). This coincides with
the rising counts of CD62L'°" cells during the first week after
trauma, so it is tempting to hypothesize that high numbers of
CD62L1°" neutrophils can lead to an increased risk of infectious
complications (Figure 1) (10).

Trauma patients with high numbers of banded neutrophils
directly after trauma and high numbers of hypersegmented
neutrophils after 10 days in the peripheral blood seem also at
risk for infectious complications (Figure 1). In these patients,
longitudinal measurement of the neutrophil compartment and
the amount of CD169™ and CD62L™ neutrophils could guide
the clinician regarding decisions on the timing and extent
(burden) of surgery. A patient that is not at risk could benefit
from early total care, while a patient displaying extensive
neutrophil subsets could benefit from damage control immune
protective surgery.

Responsiveness to inflammatory
mediators (e.g., formyl-peptides/fMLF)

In addition to the assessment of neutrophil subsets by
receptor expression, the functionality of neutrophils can be
investigated in terms of responsiveness of neutrophil to formyl
peptides (e.g., fMLF). fMLF activates neutrophils by interactions
with their formyl peptide receptors (FPR) (59-63). A decreased
responsiveness of neutrophils to fMLF at initial presentation
was demonstrated in trauma patients who later developed septic
shock (10). In addition, low responsiveness of neutrophils to
fMLF immediately after trauma preceded by almost a week the
development of septic complications after > 5 days (11). Thus,
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FIGURE 1

Concept of the neutrophil subset response over time in a trauma patient at risk for infectious complications. The pink line represents the course
of well-functioning banded (CD169™) neutrophils, entering the circulation immediately after trauma. The influx of these cells stops after
approximately 1 day and the neutrophils have an average lifetime of 5 days. The green line represents the course of hypersegmented (CD62L9M)
neutrophils, with impaired killing capacity. These cells appear after several days, with a peak after 10 days. The brown, dashed line represents the
risk of infectious complications over time. The risk increases after 3-5 days, when there are no banded neutrophils left in the circulation. After
10 days, the peak of hypersegmented neutrophils coincides with the first systemic infectious complications. Created with BioRender.com.
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responsiveness to formyl-peptides appears to be a sensitive
marker as it is involved in an essential part of the immune system
that is activated during the pathogenesis of sepsis and septic
shock. Modulation of this responsiveness can aid the clinician
in identifying patients at risk. No longitudinal data has been
published yet about the responsiveness of neutrophils in trauma
patients. These patients might also benefit from longitudinal
monitoring to guide decision making.

Expression of FCyRI (CD64) on
neutrophils

Specific expression of neutrophil receptors could be used
as an extra tool to measure markers associated with specific
components of the immune response. Neutrophil CD64 is a
receptor that is upregulated on neutrophils within 1-6 h after
administration of pro-inflammatory cytokines or bacterial cell
wall components such as LPS (64). In the absence of a pro-
inflammatory stimulus, CD64 levels on neutrophils start to
decrease after 48 h and are return to baseline within 7 days
(65). Thus, neutrophil CD64 is a relatively specific marker
for bacterial infections (66). This property of CD64 has been
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utilized as a diagnostic marker of infection particularly for sepsis
in intensive care patients (67). This could potentially also be
a marker to aid the decision to early antibiotics in patients
at risk for bacterial infections. Longitudinal measurement of
CD64 expression in patients admitted at the hospital could aid
the clinician with early diagnosis and follow up of bacterial
infections (64, 68-71).

Burden of surgery:
Timing + intensity

There are different strategies for treating severely injured
trauma patients. Damage control surgery (DCS) is characterized
by a brief initial operation to stabilize the patient, followed
by several short interventions (Figure 2) (22). This approach
of physiological and immune protective surgery is commonly
chosen when a patient is too unstable to survive definitive
fixation in the acute moment (1). The alternative to damage
control surgery is early total care (ETC) with definitive fixation
within the first 24-36 h (Figure 2) (32). Recently, there has
been a trend toward early appropriate care (EAC), which means
providing a plan of action based on continuous assessment
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Immune Protective Surgery

>

Early Appropriate Care

Conceptual representation of surgical strategies after trauma. The dashed lines represent the timing of surgical interventions and the height of
the dashed lines represent the intensity. The upper arrow represents a proposed strategy for patients that, after flow cytometric measurement of
the neutrophil compartment, are expected to be at risk for infectious complications. The impact of surgery is minimized and adjusted over time
to reassessment of the neutrophil response. The lower arrow represents a proposed strategy for patients that are expected to be not at risk.
Here, the approach of early appropriate care is suggested. DCS, damage control surgery; ETC, early total care. Created with BioRender.com.

and reaction to the response to injury and surgery (31, 72). It
is based on fixation of the fractured bones at an early stage,
unless physiology deteriorates and definitive fixation should be
postponed (32). However, the challenge is to correctly assess the
response to injury and surgery to select the patients that benefit
from delayed definitive fixation of bones.

Currently, there is no adequate method to estimate the
physiological status of an injured patient over time. As shown in
Figure 1, the trauma patient at risk of infectious complications
is characterized by the presence of prominent neutrophil
subsets in the peripheral blood directly after trauma (6). The
change in the occurrence of these subsets over time might be
associated with the risk of developing infectious complications
(10). The impact of extensive surgery on the amount of
neutrophil subsets in the blood and neutrophil responsiveness,
has not yet been described. The next essential step is to
investigate if the imbalance in the immune response further
deteriorates, in terms of e.g., influx of banded/hypersegmented
neutrophils of a further decreased responsiveness to fMLF, due
to (extensive) surgery. Possibly, this could possibly aid decision
making regarding timing and extent of surgery. Assessment
of neutrophil subsets and responsiveness before and after
surgery in patients that are deemed “at risk” directly after
trauma is likely to give information about the impact of
surgery and might give the opportunity to compare different
surgical strategies. Thus, longitudinal assessment of changes
in the neutrophil compartment might be the promising next
step in personalized medicine in trauma patients, because it
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quantifies the inflammatory response caused by the first hit and
subsequent hits.

Antibiotic interventions

Infectious complications in trauma patients are treated with
antibiotics. However, not all antibiotics may be useful at every
moment after trauma. Patients with increased CD62LY™ subsets
and decreased fMLF responses, could suffer from invading
bacteria that reside inside the neutrophils for up to 5 days
after trauma (3, 55, 73, 74). Staphylococcus aureus (S. aureus)
is a common causative pathogen of infections after trauma and
it is known that it has the ability to survive and proliferate
inside neutrophils, as in a Trojan horse (3, 75). Treatment
with antibiotics that could kill bacteria that are contained
inside the neutrophil would protect vulnerable patients against
severe infections that typically occur >5 days after trauma.
The antibiotics quinolones, rifamycins and sulfamethoxazole-
trimethoprim seem effective against S. Aureus inside a human
neutrophil (74). Moreover, the infectious state of a patient
should be monitored by measuring the neutrophil receptor
CD64. In patients with a suspected infection, high levels of
CD64 are of diagnostic value (66). Moreover, when the infection
is diagnosed and antibiotics are administered, sequential
measurement of CD64 gives early information on the effect of
the antibiotics (76). If the expression of CD64 remains high, the
bacteria could be resistant, or the antibiotic is not able to reach
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the bacteria. Later, a low expression of CD64 after cessation of
antibiotic treatment, confirms a successfully treated infection.
Thus, sequentially analyzing neutrophil subsets, estimating the
killing capacity and monitoring the infectious status by CD64 on
neutrophils may individualize both indication, timing and type
of antibiotic used in severely injured trauma patients.

Conclusion

The extent of the inflammatory response after trauma
can be measured with an automatic point-of-care flow
cytometry approach. It is known that there is a relation
between the neutrophil functional phenotype on admission,
and the clinical course (e.g., infectious complications) of the
trauma patient. Potential neutrophil associated biomarkers
include determination of subsets based on neutrophil receptor
expression, responsiveness of neutrophils to formyl-peptides
(fMLF) and CD64 expression representing the infectious state
of a patient. By this technology it is likely possible to
identify patients at risk for infectious complications when
presented at the trauma bay. These patients display large
extents of banded neutrophils directly after trauma and
high numbers of hypersegmented neutrophils after 10 days,
decreased responsiveness to fMLF and/or increased CD64
expression. The next step is to measure these biomarkers over
time to guide decision making regarding timing and extent of
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