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Abstract

In their post-traumatic course, trauma patients suffering from multiple injuries have a high
risk forimmune dysregulation, which may contribute to post-injury complications and late
mortality. Monocytes as specific effector cells of the innate immunity play a crucial role in
inflammation. Using their Pattern Recognition Receptors (PRRs), notably Toll-Like Recep-
tors (TLR), the monocytes recognize pathogens and/or pathogen-associated molecular pat-
terns (PAMPs) and organize their clearance. TLR2 is the major receptor for particles of
gram-positive bacteria, and initiates their phagocytosis. Here, we investigated the phagocy-
tizing capability of monocytes in a long-term porcine severe trauma model (polytrauma, PT)
with regard to their TLR2 expression. Polytrauma consisted of femur fracture, unilateral lung
contusion, liver laceration, hemorrhagic shock with subsequent resuscitation and surgical
fracture fixation. After induction of PT, peripheral blood was withdrawn before (-1 h) and
directly after trauma (0 h), as well as 3.5 h, 5.5 h, 24 h and 72 h later. CD14" monocytes
were identified and the expression levels of H(S)LA-DR and TLR2 were investigated by flow
cytometry. Additionally, the phagocytizing activity of monocytes by applying S. aureus parti-
cles labelled with pHrodo fluorescent reagent was also assessed by flow cytometry. Further-
more, blood samples from 10 healthy pigs were exposed to a TLR2-neutralizing antibody
and subsequently to S. aureus particles. Using flow cytometry, phagocytizing activity was
determined. P below 0.05 was considered significant. The number of CD14* monocytes of
all circulating leukocytes remained constant during the observational time period, while the
percentage of CD14*H(S)LA-DR* monocytes significantly decreased directly, 3.5h and 5.5
h after trauma. The percentage of TLR2" expressing cells out of all monocytes significantly
decreased directly, 3.5 h and 5.5 h after trauma. The percentage of phagocytizing mono-
cytes decreased immediately and remained lower during the first 3.5 h after trauma, but
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increased after 24 h. Antagonizing TLR2 significantly decreased the phagocytizing activity of
monocytes. Both, decreased percentage of activated as well as TLR2 expressing monocytes
persisted as long as the reduced phagocytosis was observed. Moreover, neutralizing TLR2
led to a reduced capability of phagocytosis as well. Therefore, we assume that reduced TLR2
expression may be responsible for the decreased phagocytizing capacity of circulating mono-
cytes in the early post-traumatic phase.

Introduction

Traumatically induced tissue damage leads to an inflammatory response. Inflammation itself
is not detrimental but rather necessary for the resolution of injury and the healing progress.
This complex process integrates and coordinates cytokines, chemokines and immune cells to
deal with the damage.[1, 2] One attempt to characterize this inflammatory reaction was the
concept of a trauma-induced hyper-inflammatory systemic inflammatory response syndrome
(SIRS) and the counterbalancing hypo-inflammatory state (compensatory anti-inflammatory
response syndrome, CARS) in the later clinical course.[1, 3] The balance between pro- and
anti-inflammatory components, the SIRS-CARS paradigm, was assumed to be crucial for a
successful recovery and a positive outcome.[1, 4, 5] However, the classification terms of SIRS
and CARS are more than 20 years old, and are only of limited usefulness to describe the
patient’s current immune status because they do not always correlate well with immunofunc-
tional parameters. Moreover, the injured tissue releases a large number of soluble factors that
act on the endocrine, lymphoid and haematopoietic organs as well.[2]

Monocytes play a crucial role in the early immune response after trauma and infection.

On one hand they constitute a cellular link between the innate and the adaptive immune sys-
tem in case of infection, and on the other hand, are capable of recognizing pathogens or patho-
gen-associated molecular patterns (PAMPs) directed by their pattern recognition receptors
(PRRs), and subsequently inactivate invading pathogens by phagocytosis.[6-8] The impact of
trauma onto the function of monocytes is still not clear and can be conflicting. Anupamaa
Seshadri et al. (2017) found significantly increased levels of circulating monocytes in trauma
patients in the first five days after trauma compared to healthy volunteers.[9] Conversely, they
found a significant depression of monocytic cytokine production (TNF-c, IL-1B) as well as sig-
nificantly impaired expression of MHC-II molecules on the surface, while the phagocytic capa-
bility was not affected over the 5 days post-trauma.[9] Heftrig et al. (2017) reported different
results for the circulating levels of monocytes, while a constant depression of MHC-II expres-
sion as well as an impaired production of IL-1f over the time course of ten days after trauma
compared to healthy volunteers was observed.[10]

An important subset of PRRs are Toll-like Receptors (TLRs), of which there are 10 known
types in humans.[11-13] TLR2 is the major receptor for bacterial lipoproteins, lipopeptides and
lipoteichoic acid (LTA), which are common for gram-positive bacteria.[14] S. aureus is the
most common gram-positive bacterium, which causes nosocomial infections like pneumonia
and sepsis, and is therefore highly associated with increased morbidity and mortality in chroni-
cally ill patients.[15-17] Furthermore, S. aureus is feared for its potential to infect wounds and
enter the bloodstream after trauma or surgery.[18, 19] Phagocytosis seems to be initiated by the
activation of PRRs, and in particular TLRs.[20] Several studies show an impaired phagocytic
capability of monocytes in the post-traumatic course as described below.[21, 22] The data is
inconsistent regarding TLR2 expression on monocytes after trauma. Perez-Barcena et al. (2010)
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have shown increased levels of TLR2 on monocytes in trauma patients compared to healthy vol-
unteers over a time course of 14 days.[21] They further have shown a significantly decreased
expression of TLR2 in patients who developed any infection compared to those without infec-
tions.[21] Furthermore, they have shown an impaired phagocytic activity of monocytes during
the 14 days in trauma patients compared to healthy volunteers.[21] In contrast to those findings,
Adib-Conquy et al. (2003) reported a constant TLR2 expression on monocytes in trauma patients
at admission compared to healthy volunteers.[23] Other studies have shown an impaired expres-
sion of TLR2 in trauma patients during the first 48 hours or over a time course of 10 days after
trauma compared to healthy volunteers.[10, 24]

Expression of the antigen presenting human leukocyte antigen (HLA) molecules, the cell
surface proteins human major histocompatibility complex MHC-II, has been known for a long
time and is well described on human monocytes from healthy volunteers.[25, 26] However,
early after hemorrhagic shock or severe abdominal surgery, an impaired MHC-II expression on
macrophages and specifically on monocytes has been reported.[27, 28] With regard to trauma,
a decreased MHC-II expression in human monocytes after trauma has been reported.[10, 29]
Nonetheless, the expression profile of H(S)LAs, the porcine MHC molecules, still remains not
fully discovered, and even less is known about their behavior after trauma. MHC-I and MHC-II
molecules were first observed on monocytes in pigs by Chamorro et al.[30] Raymond et al.
(2005) also described the expression of MHC-II on porcine monocytes, showing an increase
after adding both lipopolysaccharide (LPS) or lipoteichoic acid (LTA).[31]

To summarize, there are alterations in TLR2 and MHC-II expression, as well as modulations
in phagocytizing behavior of monocytes after severe trauma, and the discrepancy between the
results in previous studies is tremendous. And still, mechanisms are not discovered yet, and
even less is known with regard to the experimental polytrauma model in a large animal. The
varied findings in the mentioned studies above could be due to the uncontrollable nature of
trauma and its complications. Several studies only ackowledged one time point in the clinical
course (e.g. admission or in the first 48 hours after admission). Furthermore, there are very few
studies that combine phenotyping of immune cells with their physiological function after
trauma. Therefore, in our experiment, the expression of MHC-II (SLA-DR) and TLR2 on circu-
lating monocytes were measured in a time course of 72 hours after severe trauma in a controlled
porcine long term polytrauma model. In parallel, the phagocytizing capacity of the monocytes
was evaluated as one of their physiological function. Furthermore, the direct association of
TLR2 with phagocytosis was analyzed. In this prospective study, we hypothesized we would
observe similar results in the individual parts of the study as in previous human trauma studies
with two goals: first to establish the porcine polytrauma model as a way to further investigate
patients’ post-traumatic physiology immune response, and second to associate our individual
parts of the study to get more knowledge about mechanistics behind post-traumatic immune
(dys-) regulation.

Material and methods
Ethics

The experiments were authorized by a responsible government authority ("Landesamt fiir
Natur, Umwelt und Verbraucherschutz": LANUV-NRW, Germany: AZ TV-Nr.: 84-02.04.
2014.A265) and performed in compliance with the federal German law with regards to the
protection of animals, Institutional Guidelines and the criteria in “Guide for the Care and Use
of Laboratory Animals” (Eighth Edition The National Academies Press, 2011).[32] In our
study, we handled the animals consistently in accordance with the ARRIVE guidelines.[33]
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Animal experiments were performed at the Institute for Laboratory Animal Science & Experi-
mental Surgery, RWTH Aachen University, Germany.

Animals

A total of twelve male German landrace pigs (Sus scrofa; 3 months old, 30 + 5 kg) from a dis-
ease-free barrier breeding facility were included in this study. Placed in air conditioned rooms,
all animals were examined by a veterinarian and allowed to acclimatize to their environment
for at least 7 days prior to the experiments. The night before the experiments, the pigs were
fasted but had a free access to water.

This study presents partial results obtained from a large animal porcine multiple trauma
model. The model has been previously described in detail by Horst et al.[34]

Anesthesia and preparation

Animals were pre-medicated with an intramuscular (IM) application of Azaperone (Stres-
ni™, Janssen, Germany) in a dose of 4 mg/kg. Anesthesia was induced with an intravenous
injection of Propofol (3 mg/kg) followed by orotracheal intubation (7.5 ch tube, Hi-Lo
Lanz"™). During the study period over 72 h, anesthesia and analgesia was continuously
maintained with intravenous (IV) injection of Propofol and Sufentanil at a sufficient level
to prevent any periods of pain or consciousness. The animals were not awakened at any
time point after the induction of polytrauma. The animals were ventilated on volume con-
trol mode (Draeger, Evita, Liibeck, Germany) with room air at a tidal volume setting of 6-8
ml/kg, positive end expiratory pressure (PEEP) of 8 mmHg (plateau pressure < 28 mmHg),
and pCO, of 35-45 mm Hg as previously described.[34] Catheters were aseptically inserted
in multiple locations: the external jugular vein for administration of fluids, anesthesia and
continuous monitoring of central venous pressure (CVP, central venous catheter 4-Lumen
Catheter, 8.5 Fr., ArrowCatheter, Teleflex Medical, Germany), the right femoral vein to
induce hemorrhage (3-Lumen hemodialysis, 12.0 Fr., ArrowCatheter, Teleflex Medical,
Germany) and into the femoral artery for continuous blood pressure monitoring (4.0 Fr.
arterial line catheter, Vygon, Germany). A urinary catheter was also inserted in the bladder
(12.0 Fr, Cystofix, Braun, Melsungen, Germany). Crystalloid fluid (Sterofundin ISO™) was
used for continuous fluid management (2 ml kg/BW/h). The baseline measurements were
acquired after instrumentation and calibration, prior to starting experimentation.

Induction of polytrauma

The polytrauma was induced as previously described.[34] In brief, antibiotic prophylaxis
(Ceftriaxon® 2 g) was administered before surgery and after every 24 h until sacrifice.
Prior to initial trauma induction, the fraction of inspired O, (FiO,) was set at 0.21 and
the fluid administration was reduced to 10 ml/h. At this phase, the animals were allowed
to descend into a hypothermic state following hemorrhagic shock period mimicking the
pre-clinical scenario. The animal was positioned on the right side and a femur fracture
was induced with a bolt shot on the right hind leg (Blitz-Kerner, turbocut JOBB GmbH,
Germany, 9x17, Dynamit Nobel AG, Troisdorf, Germany). After being placed back in the
dorsal position, blunt thoracic trauma with a bolt shot on the right dorsal lower thorax
was induced. Finally, a midline-laparotomy and uncontrolled bleeding for 30 seconds
after crosswise incision of the caudal liver lobe (4.5 x 4.5 cm) was induced. Using sterile
gauze-compresses the liver was packed. Pressure-controlled haemorrhagic shock using
exsanguination from right femoral artery was performed until a mean arterial blood pres-
sure (MAP) of 40 + 5 mm Hg was reached and maintained for 90 minutes.
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Resuscitation started immediately after hemorrhagic shock by adjusting FiO, to baseline
values, and re-infusing with previously withdrawn blood and additional fluids (Sterofundin
1SO™; 2 ml kg/BW/h). Rewarming was performed using forced-air warming systems until
normothermia was reached (38.7-39.8°C).

After experimentation, clinical treatment of the open femur fracture was performed
according to established trauma guidelines. The intensive care and complications manage-
ment followed the standardized clinical protocols according to the latest recommendations
of the European Resuscitation Council and Advanced Trauma Life Support (ATLS).[35, 36]
After the observational period the animals were euthanized by using potassium chloride
until cardiac arrest.

Blood sampling

Blood samples were withdrawn directly after surgery in ethylenediaminetetraacetic acid
(EDTA) tubes (Sarstedt, Niirmbrecht, Germany) before trauma induction as control at 3.5 h,
5.5 h, 24 h and 72 h after trauma. The samples were kept at room temperature until subsequent
analyses.

Ex vivo in vitro whole blood stimulation for phagocytosis assay

Blood samples (40 pl) were transferred into polystyrene FACS tubes (BD Pharmingen™™)

and incubated with 40 pl of pH Rodo red (pHrodo® Red S. aureus BioParticles® Conju-
gate for Phagocytosis, ThermoFisher, Germany) for 1 h at 37°C, 5% CO, according to the
manufacturer’s instructions. A negative control without S. aureus Red BioParticles Conju-
gate was included. Afterwards, 1 ml of FACS lysing solution (FACS Lysing Solution, 1:10,
BD Pharmingen"", Heidelberg, Germany) was added, followed by another incubation step
(10 minutes) for red blood cells lysis. Thereafter, 2 ml of phosphate buffered saline (PBS)
were added and the samples were centrifuged at 800G for 8 minutes at room temperature.
Subsequently, the samples were washed with 3 ml of PBS with supplements (0.5% bovine
serum albumin (BSA), FACS buffer) and centrifuged again at 800G for 8 minutes. The pellet
was resuspended in 400 pl FACS buffer. The measurement was performed by flow cytome-
try using BD FACS Canto™ and FACS DIVA ™ software (FACSCanto II, BD Biosciences).
The monocyte population was discriminated by forward and sideward scatter. 300,000
monocytes were measured in each sample. The phagocytizing activity of monocytes was
quantified as a percentage of cell population gated.

Ex vivo in vitro whole blood cell surface receptor analysis

Blood samples (100 ul) were incubated for 30 minutes at room temperature in darkness with
mouse anti-human CD14 PE (Clone TUK4, BD Bioscience), mouse anti-human HLA-DR
PerCP-Cy5.5 (Clone HL-38, Novus Biologicals), or polyclonal rabbit anti-human TLR2 Alexa
Fluor 700 (Bioss Antibodies, 5 pl). Control samples were incubated with suggested isotype
controls for the settings. After incubation, 3 ml of FACS lysing solution (BD Pharmingen™™)
were added and incubation for 10 minutes at room temperature in darkness followed. Subse-
quently, the samples were centrifuged at 800G for 5 minutes at room temperature. The pellet
was resuspended in 500 pl of FACS buffer. The samples were measured by flow cytometry with
BD FACS Canto™ using FACS DIVA ™ software (BD Biosciences). The monocytes were dis-
criminated by gating CD14" cells. 300,000 monocytes were measured at least from each sam-
ple. Unstimulated samples were measured as control.

PLOS ONE | https://doi.org/10.1371/journal.pone.0187404 November 10, 2017 5/16


https://doi.org/10.1371/journal.pone.0187404

@° PLOS | ONE

Decreased monocytic TLR2 expression and phagocytosis in porcine polytrauma

TLR2 neutralization followed by phagocytosis assay

Blood samples (EDTA tubes, Sarstedt) from ten male Pietrain pigs (Sus scrofa, 6 months
old, 100 + 5 kg) from a disease-free barrier breeding facility Bundes Hybrid Zucht Pro-
gramm (BHZP) were drawn immediately after slaughtering for mechanistic studies. 50 pl
were transferred into polystyrene FACS tubes (BD Pharmingen™). The samples were kept
at room temperature and incubated for one hour at room temperature in darkness with the
rat IgG polyclonal neutralizing human TLR2 (Invivogen) (20 pug/ml). Control samples were
incubated for one hour at room temperature in darkness with the normal rat IgG control
PAD antibody (Invivogen) (20 pg/ml) or without antibodies (ctrl). In the following, 40 pl of
each sample were incubated with pH Rodo red bioparticles (pHrodo® Red S. aureus Bio-
Particles® Conjugate for Phagocytosis, ThermoFisher, Germany) according to the manu-
facturer’s instructions to determine the phagocytizing capacity of cells (see protocol above).
The monocyte population was discriminated by forward and sideward scatter. 300,000
monocytes were measured in each sample. The phagocytizing activity of monocytes was
quantified as a percentage of cell population gated.

Statistical analysis

All statistical analyses were performed employing GraphPad Prism 6 (Graphpad Software,
Inc., San Diego, CA). D’Agostino-Pearson normality test was applied to test the normality of
data. To compare the differences between the groups, the matched-pair statistical analysis was
performed by using repeated measures ANOVA (Friedman test) with a Dunn'‘s post-hoc test.
A p value of less than 0.05 was considered significant. Data are given as mean + standard error
of the mean (sem).

Results
Ratio of CD14* monocytes to leukocytes

Gating strategy is shown in Fig 1. The proportion of peripheral CD14™ monocytes out of the
total leukocytes was 5.7 + 0.3% before trauma (Fig 2A). There were no significant changes
compared to the initial value over the post-traumatic course of 72h (after surgery: 5.3 + 0.3%,
3.5h:6.3+0.2%, 5.5 h: 6 + 0.2%, 24 h: 5.1 £ 0.3%, and 72 h: 5.9 + 0.3%, Fig 2A).

Surface expression of HLA-DR* on CD14* monocytes

The proportion of peripheral HLA-DR expressing CD14" monocytes out of total leukocytes
was initially 11.6 £ 2.2% (Fig 2B). The ratio was significantly lowered directly after surgery
compared to baseline (6.5 + 1.3% vs. 11.6 + 2.2%, p <0.05, Fig 2B). The ratio was also signifi-
cantly decreased 3.5 h (5.5 £ 0.9%) and 5.5 h (6.3 + 1.2%) after trauma compared with values
obtained before trauma (11.6 + 2.2%, p <0.05, Fig 2B). 24 h and 72 h post-trauma, the popula-
tion reached levels comparable to controls (17.3 + 3.5% and 15.2+ 4%, respectively, Fig 2B).

Surface expression of TLR2 on CD14™ monocytes

Before trauma 45.5 + 1.8% of CD14" monocytes were expressing TLR2 on their cell surface
(Fig 3A). Directly after surgery, the CD14" monocytes expressing TLR2 dropped signifi-
cantly compared to baseline (39.3 + 1% vs. 45.5 + 1.8%, p <0.05, Fig 3A). CD14" monocytes
expressing TLR2 remained significantly lowered 3.5h (39.9 £ 1.3%) and 5.5 h (40 + 1.3%)
after trauma compared to values before surgery (p <0.05, Fig 3A). 24 h and 72 h after
trauma, CD14" monocytes expressing TLR2s reached levels comparable to control values
(42.5 £ 1.5% and 43 * 1.8%, respectively, Fig 3A).
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Phagocytic activity of monocytes after trauma

8.9 £ 0.6% of monocytes were phagocytizing before trauma (Fig 3B). After surgery, phagocytic
activity was significantly decreased compared to baseline (5.7 £ 0.6% vs. 8.9 + 0.6%, p <0.05,
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mean + sem. *: p <0.05 vs. baseline (before surgery).
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Fig 3B). The phagocytizing activity of monocytes remained significantly reduced at 3.5 h
(6.4 £0.7%) and 5.5 h (6.5 + 0.8%) after trauma compared to data before trauma (8.89 + 0.6%,
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p <0.05, Fig 3B). The phagocytic capability of the monocytes recovered at 24 h and 72 h after
trauma and reached values comparable to controls (10.6 + 2% and 13.1 + 2.8%, respectively, vs.
8.9 £ 0.6%) (Fig 3B).

Phagocytic activity of monocytes after TRL2 neutralization

4.4 £ 0.8% of monocytes without prior TLR2 neutralization were phagocytizing S. aureus bio-
particles (ctrl, Fig 4). After TLR2 neutralization (nAB TLR2), the phagocytic activity dropped
significantly compared to ctrl (2.9 + 0.2% vs. 4.4 + 0.8%, p <0.05, Fig 4). The monocytes incu-
bated with the control antibody (nAB ctrl) have shown similar levels of phagocytosis as the ctrl
group (4.2 + 0.6% vs. 4.4 + 0.8%, Fig 4).

Discussion

Monocytes play a pivotal role in inflammation and show massive functional modulations in
trauma patients e.g. in phagocytosis, their maturation and TLR expression or impaired cytokine
secretion after ex vivo stimulation with endotoxin.[21, 37-39] Several clinical studies and exper-
imental in vivo studies in small animals have shown an altered surface expression of TLR and
HLA-DR as well as an impaired phagocytic activity after severe trauma. Despite numerous stud-
ies in the last decades, the importance of functional modulations of monocytes after trauma is
still not fully understood.

Porcine monocytes as demonstrated by Fairbairn et al. (2013) express CD14.[40] Although,
Fairbairn et al. used another clone of the monoclonal mouse anti pig CD14 antibody (Clone:
MIL2), we confirmed (clone: TUK4) that the porcine model is useful for studying the in vivo
function of CD14 and monocytes. Furthermore, we could show that the blood level of circulat-
ing CD14 positive monocytes does not change significantly over a time course of 72 hours
after trauma in a porcine model.
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In general, little is known about the expression of H(S)LA, the porcine MHC molecules on
monocytes. Chamorro et al. (2004) discovered SLA-I, SLA-II-DQ and SLA-II-DR molecules
on porcine monocytes, and Raymond et al. (2005) observed the expression of MHC-II on por-
cine monocytes and their increase after treatment with both lipopolysaccharide (LPS) or lipo-
teichoic acid (LTA) by using flow cytometry.[30, 31] Further analyses have shown that porcine
SLA-1%0401 and human leukocyte antigen (HLA) class I HLA-A*0101 can present the same
peptides, but in different conformations, demonstrating cross-species epitope presentation.
[41] This is so far important, as it has been verified before that human anti-HLA-DR recog-
nizes porcine leukocyte antigens. With regard to the relevance of its expression, Monneret
et al. (2006) could correlate the persisting lower expression of MHC-II molecules on human
monocytes in patients suffering infections who had increased mortality rates, while survivors
have shown an increasing MHC-II expression.[42] The authors concluded that the expression
of MHC-II may constitute a highly potent marker for the outcome.[42] Regarding trauma, a
significantly decreased expression of MHC-II molecules on human monocytes was reported,
however, this phenomenon did not correlate with post-injury infections.[10, 29]. In line with
those studies, our study shows the post-traumatic maturation of porcine monocytes was inves-
tigated for the first time. We could demonstrate a decreased MHC-II expression on porcine
monocytes in the early post-traumatic course with a recovery phase after 24 hours. Due to the
limited experimental design with regard to the duration of the observational period, we did
not evaluate the clinical course, and therefore, we are unable to make a statement regarding
the influence of the observed decrease in H(S)LA-DR positive monocytes on the possibly
emerging complications in our model. Nonetheless, our findings confirm the data from
trauma patients, and indicate at a lower stage of maturation of monocytes with subsequently
impaired function after trauma. The relevance of this findings remains to be evaluated in fur-
ther studies.

The activation of monocytes is triggered via TLRs. Thus, despite their maturation as described
above, considering functional alterations of monocytes after trauma, it seems reasonable to ana-
lyze the TLR expression on monocytes after trauma. The genes of 10 porcine TLRs (TLR1-10)
are described and listed in the public nucleotide database. So far, however, little is known about
their expression on porcine monocytes and little with regard to porcine severe trauma. Liu et al.
(2009) demonstrated the gene expression for TLR2, 3, 4, 7, 8 and 9, and have shown a significant
upregulation ex vivo in vitro for TLR2, 4 and 8, after infection in porcine peripheral blood mono-
nuclear cells.[43] Interestingly, in surgical trauma patients increased TLR2 in comparison to the
control group was reported.[44] Lendemans et al. (2007), however, have shown a significantly
downregulated expression of TLR2 receptor on monocytes within the first 48 hours after severe
trauma in patients.[24] This is in line with data reported here, confirming the early decrease in
TLR2 expressing monocytes immediately after trauma, indicating that the porcine trauma model
represents the changes in TLR2 expressing monocytes, which were observed in trauma patients.

In general, nothing is known about the post-traumatic behavior of porcine monocytes so
far and also their phagocytic activity after trauma was investigated for the first time in a por-
cine trauma model. The expression of TLR2 on CD14" monocytes was decreased simulta-
neously with the phagocytic activity, in particular directly after surgery, 3.5 and 5.5 hours after
trauma. Subsequently, these findings led us to the hypothesis that the impaired TLR2 expres-
sion on monocytes is associated with their reduced phagocytic activity of S. aureus particles in
the early post-traumatic course. Previous publications already suggested the dependence of
phagocytosis on PRRs and supported our hypothesis. Attempts to correlate the TLR2 expres-
sion with the diminished immune activity on monocytes, such as phagocytosis after severe
trauma are limited. Sturm et al. (2017) have shown a decreased phagocytic activity of human
monocytes in the first two days after severe trauma, with a recovery beginning at post-injury
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day 3.[22] Data from this study confirm the early diminished phagocytosis, which was observed
in patients after trauma as well. There is, however, apparently a faster recovery in porcine mono-
cytes as compared to human samples after trauma. Freeman and Grinstein (2014) addressed the
association of TLRs to the phagocytic activity before.[20] In brief, TLR activation leads to a so
called inside-out activation, increasing the mobility of phagocytic receptors on the cell surface/
cell membrane, thereby facilitating the engulfment of particles/pathogens.[20] In another in vitro
model, it has been demonstrated that specific phagocytosis probably involved recognition of cell
wall components that requires participation of a TLR2-dependent pathway.[45, 46] Human
peripheral blood monocytes, treated with the TLR2 agonist have shown significantly enhanced
phagocytic ability in vitro.[47] Consistently, our results have shown as well that early diminished
TLR2 expression in porcine monocytes was associated with a simultaneously decreased phagocy-
tizing activity after trauma. To define the role of TLR2 in the phagocytosis response of monocytes
against S. aureus, we investigated the phagocytosis in TLR2-neutralized monocytes obtained
from healthy pigs. We could confirm our hypothesis, TLR2 neutralization reduced the phagocy-
tizing rate. Taken together, our data suggest that the decrease of the ratio of TLR2 positive mono-
cytes after trauma may be responsible for the decrease in monocyte phagocytosis, which we have
observed in the present study. Combined with results of previous publications, we assume that
TLR2 might probably mediate the phagocytizing capability of monocytes for certain bacterial
particles in the porcine polytrauma model.

Despite new insights in the porcine cellular physiology, our study has several limitations.
First, the very low phagocytizing capacity of the cells may possibly be caused by the use of
EDTA and not heparin blood for the assay. Furthermore, it remains to be elucidated, if the
early phagocytosis-depression of monocytes will influence the outcome after trauma. Due to
the limited observational period (72 hours), our findings cannot be linked to defined outcomes
like infections, sepsis, length of stay on ICU or requirement for ventilation which occur way
after 72h. Several studies suggest intracellular processes as reason for an impaired post-trau-
matic function of monocytes. There are different mechanisms of TLR regulation, which have not
been addressed here, such as localization and trafficking between the Golgi and the cell surface,
interactions of the transmembrane domain or TLR adapter molecules as crucial targets of trauma
causing alteration of TLR expression and function.[48, 49] The same applies for the phagocytic
activity of monocytes. Seshadri et al. observed a consistent phagocytic activity of S. aureus despite
an impaired TLR2 and MHC-II expression.[9] The authors concluded the reduced TLR2 expres-
sion can be compensated by other molecules involved in the regulation of phagocytosis. Another
limitation of our study is clearly the use of different subspecies of pigs (German Landrace vs Pet-
rain) in different parts of the study. Additionally to the different subspecies, the “polytrauma-
pigs” had to undergo pre-trauma procedures (anesthesia and multiple catheters as described),
which might have led to a priming of the immune cells, leading to an increased phagocytic activ-
ity before trauma compared to the “healthy” pigs. In future studies, different parts should be exe-
cuted with specimen of the same subspecies receiving same treatments. However, the results in
both parts of our study build on one another and the results and trends are reasonable. Addition-
ally, other populations of monocytes (weakly CD14-positive, CD16-positive cells, etc.) have not
been included in the analyses.[50-52]

Our study must be regarded as a first approach to explore such phenomena, if the post-trau-
matic cellular physiology of pigs is comparable to the one of humans. We started experimenta-
tion for monocytes and our findings are promising. However, further studies must be done for
different cell lines, even for the other mentioned populations of monocytes in order to truly
establish a porcine large animal polytrauma model.

In summary, our results demonstrate that porcine monocytes, undergoing polytrauma,
had a decreased TLR2 expression and an impaired maturation as well as a reduced bacterial
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clearance via phagocytosis in the early post-traumatic course. The deranged phagocytizing
capacity is highly associated with the reduced TLR2 expression on monocytes, and may pro-
vide a new therapeutic target to improving phagocytosis during infection. Moreover, this por-
cine model is representative for the initially suppressed function of monocytes after trauma in
humans.

Conclusions

« The ratio of porcine monocytes on all leukocytes does not change significantly over the post-
traumatic course.

« Porcine monocytes fail in maturation in the early post-traumatic course.
o Porcine monocytes have a decreased expression of TLR2 in the early post-traumatic course.
o Porcine monocytes have an impaired phagocytic activity in the early post-traumatic course.

o Impaired phagocytizing function of monocytes is closely associated with their reduced TLR2
expression.

Acknowledgments

We thank Kerstin Kontradowitz and Katrin Jurida for the outstanding technical assistance.
Furthermore, the authors thank Yannik Kalbas and Hannah Liiken for their assistance in con-
ducting the animal experiments. We also thank Thaddeus Stopinski for his remarkable support
during the experimentation. Project no. S-14-14P was supported by the Arbeitsgemeinschaft
fiir Osteosynthesefragen (AO) Foundation. This study was performed within the study consor-
tium of the TREAT Research Group. Thanks to all members of the TREAT research group.

TREAT Research Group: B. Auner’, P. Stérmann', B. Relja', I. Marzi', T-P. Simon?, G.
Marx?, A. Haug’, L. Egerer’, M. v. Griensven®, M. Kalbitz*, M. Huber-Lang®, R. Tolba’, K.
Reiss®, S. Uhlig®, K. Horst’, M. Teuben®, R. Pfeifer®, Y. Kalbas®, H. Liiken”, H.C. Pape®, F.
Hildebrand”

' Department of Trauma-, Hand- and Reconstructive Surgery, University Hospital Frankfurt,
Goethe University, Frankfurt/Main, Germany; > Department of Intensive Care and Intermediate
Care, RWTH Aachen University, Germany; * Department of Trauma Surgery, Technical Univer-
sity Munich, Germany; * Department of Orthopedic Trauma, Hand-, Plastic-, and Reconstructive
Surgery, University of Ulm, Germany; * Institute for Laboratory Animal Science and Experimen-
tal Surgery, RWTH Aachen University, Germany; ° Institute of Pharmacology and Toxicology,
RWTH Aachen University, Germany; ” Department of Orthopaedic Trauma, RWTH Aachen
University, Germany; ® Department of Orthopaedic Trauma Surgery, University Hospital Zurich,
University of Zurich, Switzerland.

Author Contributions

Conceptualization: Borna Relja.

Data curation: Lukas Schimunek, Rafael Serve, Michel P. J. Teuben.

Formal analysis: Lukas Schimunek, Rafael Serve, Michel P. J. Teuben, Borna Relja.
Investigation: Lukas Schimunek, Rafael Serve, Michel P. J. Teuben, Borna Relja.

Methodology: Lukas Schimunek, Rafael Serve, Michel P. J. Teuben, Philipp Stérmann, Birgit
Auner, Mathias Woschek, Roman Pfeifer, Klemens Horst, Tim-P. Simon, Borna Relja.

PLOS ONE | https://doi.org/10.1371/journal.pone.0187404 November 10, 2017 13/16


https://doi.org/10.1371/journal.pone.0187404

@° PLOS | ONE

Decreased monocytic TLR2 expression and phagocytosis in porcine polytrauma

Project administration: Roman Pfeifer, Klemens Horst, Tim-P. Simon, Hans-C. Pape, Frank

Hildebrand, Ingo Marzi, Borna Relja.

Resources: Roman Pfeifer, Klemens Horst, Hans-C. Pape, Frank Hildebrand, Ingo Marzi,

Borna Relja.

Supervision: Borna Relja.

Visualization: Lukas Schimunek.

Writing - original draft: Lukas Schimunek.

Writing - review & editing: Miriam Kalbitz, Ramona Sturm, Hans-C. Pape, Frank Hildeb-

rand, Ingo Marzi, Borna Relja.

References

1.

10.

1.

12

13.

14.

15.

Wutzler S, Lustenberger T, Relja B, Lehnert M, Marzi . [Pathophysiology of multiple trauma: intensive
care medicine and timing of treatment]. Chirurg. 2013; 84(9):753-8. https://doi.org/10.1007/s00104-
013-2477-0 PMID: 23942889.

Islam MN, Bradley BA, Ceredig R. Sterile post-traumatic immunosuppression. Clin Transl Immunology.
2016; 5(4):e77. https://doi.org/10.1038/cti.2016.13 PMID: 27195120; PubMed Central PMCID:
PMCPMC4855263.

Rouget C, Girardot T, Textoris J, Monneret G, T RI, Venet F. Biological markers of injury-induced immu-
nosuppression. Minerva Anestesiol. 2016. PMID: 27314598.

Bone RC. Sir Isaac Newton, sepsis, SIRS, and CARS. Crit Care Med. 1996; 24(7):1125-8. PMID:
8674323.

Osborn TM, Tracy JK, Dunne JR, Pasquale M, Napolitano LM. Epidemiology of sepsis in patients with
traumatic injury. Crit Care Med. 2004; 32(11):2234—40. PMID: 15640635.

Fairbairn L, Kapetanovic R, Sester DP, Hume DA. The mononuclear phagocyte system of the pig as a
model for understanding human innate immunity and disease. J Leukoc Biol. 2011; 89(6):855-71.
https://doi.org/10.1189/jlb.1110607 PMID: 21233410.

Turner JD, Bourke CD, Meurs L, Mbow M, Dieye TN, Mboup S, et al. Circulating CD14brightCD16+
‘intermediate’ monocytes exhibit enhanced parasite pattern recognition in human helminth infection.
PLoS Negl Trop Dis. 2014; 8(4):€2817. https://doi.org/10.1371/journal.pntd.0002817 PMID: 24762736;
PubMed Central PMCID: PMCPMC3998941.

Wong KL, Yeap WH, Tai JJ, Ong SM, Dang TM, Wong SC. The three human monocyte subsets: impli-
cations for health and disease. Immunol Res. 2012; 53(1-3):41-57. https://doi.org/10.1007/s12026-
012-8297-3 PMID: 22430559.

Seshadri A, Brat GA, Yorkgitis BK, Keegan J, Dolan J, Salim A, et al. Phenotyping the Immune
Response to Trauma: A Multiparametric Systems Immunology Approach. Crit Care Med. 2017. https://
doi.org/10.1097/CCM.0000000000002577 PMID: 28671900.

Heftrig D, Sturm R, Oppermann E, Kontradowitz K, Jurida K, Schimunek L, et al. Impaired Surface
Expression of HLA-DR, TLR2, TLR4, and TLR9 in Ex Vivo-In Vitro Stimulated Monocytes from Severely
Injured Trauma Patients. Mediators Inflamm. 2017;2017(epub).

Kumar H, Kawai T, Akira S. Toll-like receptors and innate immunity. Biochem Biophys Res Commun.
2009; 388(4):621-5. https://doi.org/10.1016/j.bbrc.2009.08.062 PMID: 19686699.

Beutler B, Rietschel ET. Innate immune sensing and its roots: the story of endotoxin. Nat Rev Immunol.
2003; 3(2):169-76. https://doi.org/10.1038/nri1004 PMID: 12563300.

Hornef MW, Henriques-Normark B, Normark S. The function and biological role of toll-like receptors in
infectious diseases: an update. Curr Opin Infect Dis. 2008; 21(3):304—12. https://doi.org/10.1097/QCO.
0b013e3282f88ba3 PMID: 18448977.

Hanzelmann D, Joo HS, Franz-Wachtel M, Hertlein T, Stevanovic S, Macek B, et al. Toll-like recep-
tor 2 activation depends on lipopeptide shedding by bacterial surfactants. Nat Commun. 2016;
7:12304. https://doi.org/10.1038/ncomms 12304 PMID: 27470911; PubMed Central PMCID:
PMCPMC4974576.

Kollef MH, Shorr A, Tabak YP, Gupta V, Liu LZ, Johannes RS. Epidemiology and outcomes of health-
care-associated pneumonia: results from a large US database of culture-positive pneumonia. Chest.
2005; 128(6):3854—62. https://doi.org/10.1378/chest. 128.6.3854 PMID: 16354854.

PLOS ONE | https://doi.org/10.1371/journal.pone.0187404 November 10, 2017 14/16


https://doi.org/10.1007/s00104-013-2477-0
https://doi.org/10.1007/s00104-013-2477-0
http://www.ncbi.nlm.nih.gov/pubmed/23942889
https://doi.org/10.1038/cti.2016.13
http://www.ncbi.nlm.nih.gov/pubmed/27195120
http://www.ncbi.nlm.nih.gov/pubmed/27314598
http://www.ncbi.nlm.nih.gov/pubmed/8674323
http://www.ncbi.nlm.nih.gov/pubmed/15640635
https://doi.org/10.1189/jlb.1110607
http://www.ncbi.nlm.nih.gov/pubmed/21233410
https://doi.org/10.1371/journal.pntd.0002817
http://www.ncbi.nlm.nih.gov/pubmed/24762736
https://doi.org/10.1007/s12026-012-8297-3
https://doi.org/10.1007/s12026-012-8297-3
http://www.ncbi.nlm.nih.gov/pubmed/22430559
https://doi.org/10.1097/CCM.0000000000002577
https://doi.org/10.1097/CCM.0000000000002577
http://www.ncbi.nlm.nih.gov/pubmed/28671900
https://doi.org/10.1016/j.bbrc.2009.08.062
http://www.ncbi.nlm.nih.gov/pubmed/19686699
https://doi.org/10.1038/nri1004
http://www.ncbi.nlm.nih.gov/pubmed/12563300
https://doi.org/10.1097/QCO.0b013e3282f88ba3
https://doi.org/10.1097/QCO.0b013e3282f88ba3
http://www.ncbi.nlm.nih.gov/pubmed/18448977
https://doi.org/10.1038/ncomms12304
http://www.ncbi.nlm.nih.gov/pubmed/27470911
https://doi.org/10.1378/chest.128.6.3854
http://www.ncbi.nlm.nih.gov/pubmed/16354854
https://doi.org/10.1371/journal.pone.0187404

@° PLOS | ONE

Decreased monocytic TLR2 expression and phagocytosis in porcine polytrauma

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Lowy FD. Staphylococcus aureus infections. N Engl J Med. 1998; 339(8):520-32. https://doi.org/10.
1056/NEJM199808203390806 PMID: 9709046.

Castillo JS, Leal AL, Cortes JA, Alvarez CA, Sanchez R, Buitrago G, et al. Mortality among critically ill
patients with methicillin-resistant Staphylococcus aureus bacteremia: a multicenter cohort study in
Colombia. Rev Panam Salud Publica. 2012; 32(5):343-50. PMID: 23338691.

Humphreys H. Staphylococcus aureus: the enduring pathogen in surgery. Surgeon. 2012; 10(6):357—
60. https://doi.org/10.1016/j.surge.2012.05.003 PMID: 23079115.

Sirijatuphat R, Siritongtaworn P, Sripojtham V, Boonyasiri A, Thamlikitkul V. Bacterial contamination of
fresh traumatic wounds at Trauma Center, Siriraj Hospital, Bangkok, Thailand. J Med Assoc Thai.
2014; 97 Suppl 3:520-5. PMID: 24772577

Freeman SA, Grinstein S. Phagocytosis: receptors, signal integration, and the cytoskeleton. Immunol
Rev. 2014; 262(1):193-215. https://doi.org/10.1111/imr.12212 PMID: 25319336.

Perez-Barcena J, Regueiro V, Crespi C, Pierola J, Oliver A, Liompart-Pou JA, et al. Expression of toll-
like receptors 2 and 4 is upregulated during hospital admission in traumatic patients: lack of correlation
with blunted innate immune responses. Ann Surg. 2010; 251(3):521-7. https://doi.org/10.1097/SLA.
0b013e3181cc8f84 PMID: 20134316.

Sturm R, Heftrig D, Mors K, Wagner N, Kontradowitz K, Jurida K, et al. Phagocytizing activity of PMN
from severe trauma patients in different post-traumatic phases during the 10-days post-injury course.
Immunobiology. 2017; 222(2):301-7. https://doi.org/10.1016/j.imbio.2016.09.010 PMID: 27745899.

Adib-Conquy M, Moine P, Asehnoune K, Edouard A, Espevik T, Miyake K, et al. Toll-like receptor-medi-
ated tumor necrosis factor and interleukin-10 production differ during systemic inflammation. Am J
Respir Crit Care Med. 2003; 168(2):158—64. https://doi.org/10.1164/rccm.200209-10770C PMID:
12738604.

Lendemans S, Kreuzfelder E, Rani M, Bayeeh E, Schade FU, Flohe SB, et al. Toll-like receptor 2 and 4
expression after severe injury is not involved in the dysregulation of the innate immune system. J
Trauma. 2007; 63(4):740-6. https://doi.org/10.1097/01.ta.0000240451.42238.d1 PMID: 18089999.

Neefjes J, Jongsma ML, Paul P, Bakke O. Towards a systems understanding of MHC class | and MHC
class Il antigen presentation. Nat Rev Immunol. 2011; 11(12):823-36. https://doi.org/10.1038/nri3084
PMID: 22076556.

Brooks CF, Moore M. Differential MHC class Il expression on human peripheral blood monocytes and
dendritic cells. Immunology. 1988; 63(2):303—11. PMID: 3350576; PubMed Central PMCID:
PMCPMC1454506.

Ayala A, Perrin MM, Ertel W, Chaudry IH. Differential effects of hemorrhage on Kupffer cells: decreased
antigen presentation despite increased inflammatory cytokine (IL-1, IL-6 and TNF) release. Cytokine.
1992; 4(1):66—75. PMID: 1319764.

McHoney M, Klein NJ, Eaton S, Pierro A. Decreased monocyte class Il MHC expression following
major abdominal surgery in children is related to operative stress. Pediatr Surg Int. 2006; 22(4):330—4.
https://doi.org/10.1007/s00383-006-1657-0 PMID: 16496161.

Vester H, Dargatz P, Huber-Wagner S, Biberthaler P, van Griensven M. HLA-DR expression on mono-
cytes is decreased in polytraumatized patients. Eur J Med Res. 2015; 20:84. https://doi.org/10.1186/
s40001-015-0180-y PMID: 26474862; PubMed Central PMCID: PMCPMC4609121.

Chamorro S, Revilla C, Gomez N, Alvarez B, Alonso F, Ezquerra A, et al. In vitro differentiation of por-
cine blood CD163- and CD163+ monocytes into functional dendritic cells. Immunobiology. 2004; 209
(1-2):57-65. https://doi.org/10.1016/j.imbio.2004.02.002 PMID: 15481141.

Raymond CR, Wilkie BN. Toll-like receptor, MHC Il, B7 and cytokine expression by porcine monocytes
and monocyte-derived dendritic cells in response to microbial pathogen-associated molecular patterns.
Vet Immunol Immunopathol. 2005; 107(3—4):235—47. https://doi.org/10.1016/j.vetimm.2005.05.008
PMID: 15998543.

Worlein JM, Baker K, Bloomsmith M, Coleman K, Koban TL. The Eighth Edition of the Guide for the
Care and Use of Laboratory Animals (2011); Implications for Behavioral Management. Am J Primatol.
2011; 73:98—. PMID: WOS:000293764600199.

Kilkenny C, Browne WJ, Cuthill IC, Emerson M, Altman DG. Improving bioscience research reporting:
the ARRIVE guidelines for reporting animal research. PLoS Biol. 2010; 8(6):e1000412. https://doi.org/
10.1371/journal.pbio.1000412 PMID: 20613859; PubMed Central PMCID: PMCPMC2893951.

Horst K, Simon TP, Pfeifer R, Teuben M, Aimahmoud K, Zhi Q, et al. Characterization of blunt chest
trauma in a long-term porcine model of severe multiple trauma. Sci Rep. 2016; 6:39659. https://doi.org/
10.1038/srep39659 PMID: 28000769; PubMed Central PMCID: PMCPMC5175194.

Subcommittee A, American College of Surgeons’ Committee on T, International Awg. Advanced trauma
life support (ATLS(R)): the ninth edition. J Trauma Acute Care Surg. 2013; 74(5):1363-6.

PLOS ONE | https://doi.org/10.1371/journal.pone.0187404 November 10, 2017 15/16


https://doi.org/10.1056/NEJM199808203390806
https://doi.org/10.1056/NEJM199808203390806
http://www.ncbi.nlm.nih.gov/pubmed/9709046
http://www.ncbi.nlm.nih.gov/pubmed/23338691
https://doi.org/10.1016/j.surge.2012.05.003
http://www.ncbi.nlm.nih.gov/pubmed/23079115
http://www.ncbi.nlm.nih.gov/pubmed/24772577
https://doi.org/10.1111/imr.12212
http://www.ncbi.nlm.nih.gov/pubmed/25319336
https://doi.org/10.1097/SLA.0b013e3181cc8f84
https://doi.org/10.1097/SLA.0b013e3181cc8f84
http://www.ncbi.nlm.nih.gov/pubmed/20134316
https://doi.org/10.1016/j.imbio.2016.09.010
http://www.ncbi.nlm.nih.gov/pubmed/27745899
https://doi.org/10.1164/rccm.200209-1077OC
http://www.ncbi.nlm.nih.gov/pubmed/12738604
https://doi.org/10.1097/01.ta.0000240451.42238.d1
http://www.ncbi.nlm.nih.gov/pubmed/18089999
https://doi.org/10.1038/nri3084
http://www.ncbi.nlm.nih.gov/pubmed/22076556
http://www.ncbi.nlm.nih.gov/pubmed/3350576
http://www.ncbi.nlm.nih.gov/pubmed/1319764
https://doi.org/10.1007/s00383-006-1657-0
http://www.ncbi.nlm.nih.gov/pubmed/16496161
https://doi.org/10.1186/s40001-015-0180-y
https://doi.org/10.1186/s40001-015-0180-y
http://www.ncbi.nlm.nih.gov/pubmed/26474862
https://doi.org/10.1016/j.imbio.2004.02.002
http://www.ncbi.nlm.nih.gov/pubmed/15481141
https://doi.org/10.1016/j.vetimm.2005.05.008
http://www.ncbi.nlm.nih.gov/pubmed/15998543
http://www.ncbi.nlm.nih.gov/pubmed/WOS:000293764600199
https://doi.org/10.1371/journal.pbio.1000412
https://doi.org/10.1371/journal.pbio.1000412
http://www.ncbi.nlm.nih.gov/pubmed/20613859
https://doi.org/10.1038/srep39659
https://doi.org/10.1038/srep39659
http://www.ncbi.nlm.nih.gov/pubmed/28000769
https://doi.org/10.1371/journal.pone.0187404

@° PLOS | ONE

Decreased monocytic TLR2 expression and phagocytosis in porcine polytrauma

36.

37.

38.

39.

40.

4.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Bossaert L O’Connor RE, Arntz HR, Brooks SC, Diercks D, Feitosa-Filho G, et al. Part 9: Acute coro-
nary syndromes: 2010 International Consensus on Cardiopulmonary Resuscitation and Emergency
Cardiovascular Care Science with Treatment Recommendations. Resuscitation. 2010; 81 Suppl 1:
e175-212. https://doi.org/10.1016/j.resuscitation.2010.09.001 PMID: 20959169.

Hershman MJ, Cheadle WG, Wellhausen SR, Davidson PF, Polk HC Jr. Monocyte HLA-DR antigen
expression characterizes clinical outcome in the trauma patient. Br J Surg. 1990; 77(2):204—7. PMID:
2317682.

Keel M, Schregenberger N, Steckholzer U, Ungethum U, Kenney J, Trentz O, et al. Endotoxin tolerance
after severe injury and its regulatory mechanisms. J Trauma. 1996; 41(3):430—7; discussion 7-8.
PMID: 8810959.

Relja B, Horstmann JP, Kontradowitz K, Jurida K, Schaible A, Neunaber C, et al. NIrp1 inflammasome
is downregulated in trauma patients. J Mol Med (Berl). 2015; 93(12):1391-400. https://doi.org/10.1007/
s00109-015-1320-0 PMID: 26232934.

Fairbairn L, Kapetanovic R, Beraldi D, Sester DP, Tuggle CK, Archibald AL, et al. Comparative analysis
of monocyte subsets in the pig. J Immunol. 2013; 190(12):6389-96. https://doi.org/10.4049/jimmunol.
1300365 PMID: 23667115.

ZhangN, Qi J, Feng S, Gao F, Liu J, Pan X et al. Crystal structure of swine major histocompatibility
complex class | SLA-1 0401 and identification of 2009 pandemic swine-origin influenza A H1N1 virus
cytotoxic T lymphocyte epitope peptides. J Virol. 2011; 85(22):11709-24. https://doi.org/10.1128/JVI.
05040-11 PMID: 21900158; PubMed Central PMCID: PMCPMC3209268.

Monneret G, Lepape A, Voirin N, Bohe J, Venet F, Debard AL, et al. Persisting low monocyte human
leukocyte antigen-DR expression predicts mortality in septic shock. Intensive Care Med. 2006; 32
(8):1175-883. https://doi.org/10.1007/s00134-006-0204-8 PMID: 16741700.

Liu CH, Chaung HC, Chang HL, Peng YT, Chung WB. Expression of Toll-like receptor mRNA and cyto-
kines in pigs infected with porcine reproductive and respiratory syndrome virus. Vet Microbiol. 2009;
136(3—4):266—-76. https://doi.org/10.1016/j.vetmic.2008.11.016 PMID: 19124206.

Tsujimoto H, Ono S, Majima T, Efron PA, Kinoshita M, Hiraide H, et al. Differential toll-like receptor
expression after ex vivo lipopolysaccharide exposure in patients with sepsis and following surgical
stress. Clin Immunol. 2006; 119(2):180-7. https://doi.org/10.1016/j.clim.2006.01.004 PMID: 16517212.

Dominguez-Punaro Mde L, Segura M, Contreras |, Lachance C, Houde M, Lecours MP, et al. In vitro
characterization of the microglial inflammatory response to Streptococcus suis, an important emerging
zoonotic agent of meningitis. Infect Immun. 2010; 78(12):5074-85. https://doi.org/10.1128/IA1.00698-
10 PMID: 20876287; PubMed Central PMCID: PMCPMC2981315.

Zheng H, Punaro MC, Segura M, Lachance C, Rivest S, Xu J, et al. Toll-like receptor 2 is partially
involved in the activation of murine astrocytes by Streptococcus suis, an important zoonotic agent of
meningitis. J Neuroimmunol. 2011; 234(1-2):71-83. https://doi.org/10.1016/j.jneuroim.2011.02.005
PMID: 21429596.

Shah P, Fatehchand K, Patel H, Fang H, Justiniano SE, Mo X, et al. Toll-like receptor 2 ligands regulate
monocyte Fcgamma receptor expression and function. J Biol Chem. 2013; 288(17):12345-52. https:/
doi.org/10.1074/jbc.M113.449983 PMID: 23504312; PubMed Central PMCID: PMCPMC3636918.

McGettrick AF O’Neill LA. Localisation and trafficking of Toll-like receptors: an important mode of regu-
lation. Curr Opin Immunol. 2010; 22(1):20-7. https://doi.org/10.1016/j.coi.2009.12.002 PMID:
20060278.

Reuven EM, Fink A, Shai Y. Regulation of innate immune responses by transmembrane interactions:
lessons from the TLR family. Biochim Biophys Acta. 2014; 1838(6):1586—93. https://doi.org/10.1016/j.
bbamem.2014.01.020 PMID: 24480409.

Passlick B, Flieger D, Ziegler-Heitbrock HW. Identification and characterization of a novel monocyte
subpopulation in human peripheral blood. Blood. 1989; 74(7):2527-34. PMID: 2478233.

Ziegler-Heitbrock HW, Appl B, Kafferlein E, Loffler T, Jahn-Henninger H, Gutensohn W, et al. The anti-
body MY4 recognizes CD14 on porcine monocytes and macrophages. Scand J Immunol. 1994; 40
(5):509—14. PMID: 7526441,

Ziegler-Heitbrock L. Monocyte subsets in man and other species. Cell Immunol. 2014; 289(1-2):135-9.
https://doi.org/10.1016/j.cellimm.2014.03.019 PMID: 24791698.

PLOS ONE | https://doi.org/10.1371/journal.pone.0187404 November 10, 2017 16/16


https://doi.org/10.1016/j.resuscitation.2010.09.001
http://www.ncbi.nlm.nih.gov/pubmed/20959169
http://www.ncbi.nlm.nih.gov/pubmed/2317682
http://www.ncbi.nlm.nih.gov/pubmed/8810959
https://doi.org/10.1007/s00109-015-1320-0
https://doi.org/10.1007/s00109-015-1320-0
http://www.ncbi.nlm.nih.gov/pubmed/26232934
https://doi.org/10.4049/jimmunol.1300365
https://doi.org/10.4049/jimmunol.1300365
http://www.ncbi.nlm.nih.gov/pubmed/23667115
https://doi.org/10.1128/JVI.05040-11
https://doi.org/10.1128/JVI.05040-11
http://www.ncbi.nlm.nih.gov/pubmed/21900158
https://doi.org/10.1007/s00134-006-0204-8
http://www.ncbi.nlm.nih.gov/pubmed/16741700
https://doi.org/10.1016/j.vetmic.2008.11.016
http://www.ncbi.nlm.nih.gov/pubmed/19124206
https://doi.org/10.1016/j.clim.2006.01.004
http://www.ncbi.nlm.nih.gov/pubmed/16517212
https://doi.org/10.1128/IAI.00698-10
https://doi.org/10.1128/IAI.00698-10
http://www.ncbi.nlm.nih.gov/pubmed/20876287
https://doi.org/10.1016/j.jneuroim.2011.02.005
http://www.ncbi.nlm.nih.gov/pubmed/21429596
https://doi.org/10.1074/jbc.M113.449983
https://doi.org/10.1074/jbc.M113.449983
http://www.ncbi.nlm.nih.gov/pubmed/23504312
https://doi.org/10.1016/j.coi.2009.12.002
http://www.ncbi.nlm.nih.gov/pubmed/20060278
https://doi.org/10.1016/j.bbamem.2014.01.020
https://doi.org/10.1016/j.bbamem.2014.01.020
http://www.ncbi.nlm.nih.gov/pubmed/24480409
http://www.ncbi.nlm.nih.gov/pubmed/2478233
http://www.ncbi.nlm.nih.gov/pubmed/7526441
https://doi.org/10.1016/j.cellimm.2014.03.019
http://www.ncbi.nlm.nih.gov/pubmed/24791698
https://doi.org/10.1371/journal.pone.0187404

