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Abstract

Background: Trauma increases susceptibility to secondary bacterial infections. The events
suppressing antimicrobial immunity are unclear. Neutrophils (PMN) migrate towards bacteria
using chemotaxis (CTX), trap them in extracellular NETs and kill them using respiratory burst
(RB). We hypothesized plasma and wound fluids from trauma patients alter PMN function.

Methods: Volunteer PMN were incubated in plasma or wound fluids from trauma patients
(Days 0-1, 2-3) and their functions compared with PMN incubated in volunteer plasma. CTX
was assessed in transwells. Luminometry assessed total and intracellular RB responses to
receptor-dependent and independent stimulants. NET formation (NETosis) was assessed using
elastase assays. The role of tissue necrosis in creating functionally suppressive systemic PMN
environments was assessed using a novel pig model where PMN were incubated in uninjured pig
plasma or plasma from pigs undergoing intraperitoneal instillation of liver slurry.

Results: Both plasma and wound fluids from trauma patients markedly suppress total PMN RB.
Intracellular RB is unchanged, implicating suppression of extracellular RB. Wound fluids are more
suppressive than plasma. Biofluids suppressed RB maximally early after injury and their effects

"Correspondence: Carl J. Hauser, MD, FACS, Department of Surgery, Beth Israel Deaconess Medical Center/Harvard Medical School,
Boston, MA 02215, cjhauser@bidmc.harvard.edu.

8These two authors contributed equally.

Author contributions: H.I.K. and J.P. designed and performed assays, analyzed data, contributed to the concept and the writing of
the article. B.K. performed assays and analyzed data. W.H., I.R. and D.G. performed assays. L.E.O. contributed to concept, analyzed
data. K.1. contributed to concept, designed, and oversaw assays, analyzed data. C.J.H. conceived study, designed assays, analyzed data,
oversaw writing of the article.

Conflict of interest: The authors all declare no conflicts of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al.

Page 2

decayed with time. CTX and NETosis were suppressed by biofluids similarly. Last, plasma from
pigs undergoing abdominal liver slurry instillation suppressed PMN RB, paralleling suppression
by human trauma biofluids.

Conclusions: Trauma plasma and wound fluids suppress RB and other key PMN antimicrobial
functions. Circulating suppressive signals can be derived from injured or necrotic tissue at wound
sites, suggesting a key mechanism by which tissue injuries can put the host at risk for infection.

Study type: Basic science (Level of evidence: 1)
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Background

Trauma is the leading cause of death in individuals under 45 years old and was

responsible for 4.4 million deaths worldwide in 2019 (1, 2). Trauma increases susceptibility
to secondary infection and nosocomial infections are a common cause of morbidity

and mortality in patients who survive their initial trauma (3). Yet the biologic events

linking injury to suppression of anti-microbial immunity remain unclear. Injury releases
“danger associated molecular patterns” (DAMPs) from cells. These elicit a systemic
inflammatory response syndrome (SIRS) (4) characterized by high plasma and wound levels
of inflammatory mediators. We have shown that DAMPs in the SIRS environment modify
polymorphonuclear neutrophil (PMN) function (5, 6). PMN migrate towards areas of injury
or infection by chemotaxis (CTX) down chemical gradients towards such agonists (7).
Once there, they can form neutrophil extracellular traps (NETS) that trap bacteria and then
use respiratory burst (RB) to kill them (8, 9). We hypothesized that the injury-associated
SIRS environment would modulate PMN functions, and we therefore studied the effects

of biofluids obtained directly from trauma patients on PMN functions relevant to these
antimicrobial responses.

Prior studies have been conflicted as to the effects of injury on RB. Specifically, there is
confusion as to the roles of PMN ‘priming’ by injury on intracellular vs. extracellular RB
with many model-dependent differences noted. We therefore set out to create a clinical
sample-based model to determine the effects of injury on PMN function in a translational
fashion. To do this, we used authentic clinical plasma and wound fluids to ‘prime’ PMN.
Using such complex biologic fluids yields highly consistent results. Moreover, this approach
should be more relevant to in-vivo PMN function than ex-vivo priming using single agonists
like lipopolysaccharide (LPS) or tumor necrosis factor alpha (TNFa.). Then using these
same conditions, we assessed CTX and NET formation. Last, we created a porcine model in
which to use the same methods for the study of therapeutic approaches to PMN functional
deficits.
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Methods

Ethical statements:

All studies were done in compliance with equator network guidelines. Human samples
were obtained after informed consent was signed by the patients (or their legally authorized
representatives) or by the volunteers and placed in a biorepository. Human studies were
approved by our local IRB as well as by the Armed Forces human subjects protection office
(HSPO). All animal studies were approved by the local animal use committee (IACUC) as
well as by the Department of Defense ACURO.

PMN preparation:

Fresh human PMN for functional assays were isolated from freshly withdrawn peripheral
blood of healthy volunteers as described elsewhere (10). Briefly, heparinized (10 U/mL)
whole blood was layered onto 1-Step Polymorph (AN221725, Accurate Chemical &
Scientific Corp, Carle Place, NY), followed by centrifugation (500 xg, 30 min). The
separated PMN layer was washed in RPMI 1640 and RBC were briefly lysed with ice-cold
0.2% NaCl. PMN were resuspended in physiological solutions appropriate to the functional
studies of interest.

Receptor-dependent and independent PMN stimulation:

Receptor-dependent RB was elicited in human PMN using surface G-protein coupled
receptor-based stimulation with £met-leu-phe (fMLF). Porcine experiments were done
slightly differently since pig PMN respond poorly to fMLF. Receptor-dependent pig PMN
RB was therefore elicited by LTBy, a lipid chemoattractant that acts through similar receptor
systems in both pig and human PMN. Receptor-independent RB was uniformly stimulated
by application of 100nM phorbol myristate acetate (PMA), which acts directly on Protein
Kinase C.

Total and intracellular RB assays:

Reactive oxygen species (ROS) production was measured by luminol-dependent
chemiluminescence in a 96-well plate luminometer (LB 960, Berthold) (10). After
incubation with biofluids or vehicle, PMN (4 x 10° cells/mL) were mixed 1:1 with 150

nM luminol (Sigma, 123072) and 37 U/pL HRP in DPBS+ (14040117, Gibco), warmed at
37°C for 5 min, transferred to a 96-well plate and chemiluminescent detection was started.
At T=0, 20 uL of DPBS (resting cells), PMA (100 nM), fMLF (100 nM) or LTB4 (100
nM) were injected automatically. RB luminescence was displayed in relative light units per
second (RLU/sec) and then quantified as the area under curve (AUC) of the RLU trace.
Intracellular RB was detected using the same methodology in the presence of superoxide
dismutase (SOD - 15 U/uL) and catalase (312 mU/uL) added to the final reaction solution to
quench extracellular RB.

Modulating PMN functions with biofluids:

Plasma samples collected in heparin were banked from trauma patients with 1SS=15 (11)
or from pre-operative volunteer controls admitted for elective surgeries. Wound fluids were

J Trauma Acute Care Surg. Author manuscript; available in PMC 2023 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al.

Chemotaxis:

Page 4

obtained from trauma patients with closed drains in injury sites. Fluids were removed as
close to the source as possible, aliquotted, spun and frozen as quickly as possible, and
banked similarly. No antibiotics were added. In preliminary studies we examined RB in
human PMN incubated in high plasma environments. Here we found that RB elicited by
surface G-protein coupled receptor-based stimulation using fMLF was profoundly quenched
by the presence of either autologous or healthy volunteer plasmas in comparison to
incubation in media. We subsequently found however, that by incubating PMN in the
presence of relatively low plasma concentrations and then washing the cells twice in PBS
(Figure 1) we could completely avoid any ‘quenching’ effect of plasma seen relative to
incubation in media. This allowed visualization of the residual PMN-priming effects of
exposure to trauma biofluids (Figures 2-5) on subsequent exposure to the terminal agonists.
We subsequently used this methodology (incubation in 10% biofluids followed by washing
twice in buffer) for all the studies reported here. Plasma samples from patients as described
above were drawn at random from the bio-repository for use based upon the time after
injury. Prior studies have used 20-30 min as a ‘priming period’ for PMN using TNFa
(12-14). We noted here that a 5 minute incubation in biofluids was equivalent to a 25 minute
incubation. We chose to use 25 minutes for priming to allow comparison with prior priming
experiments.

PMN CTX was studied in 3.0 um-pore-transwells as described previously (15). Briefly, 1
x 10° PMN in 75 uL of RPMI with 2% heat-inactivated FBS were applied to the upper
chamber and 150 pL of the same media containing fMLF (100 nM) were applied to the
lower chamber. After 60 minutes plates were spun and the PMN lysed. CyQuant dye was
then used to assess cell number using a standard curve of pre-counted PMN.

Neutrophil extracellular trap (NET) formation (NETosis) assay:

NETosis was assayed using the elastase technique (16) per manufacturer’s instructions
(Kit No. 601010, Cayman Chemical, Ann Arbor, MI, USA). Briefly, PMN were incubated
in 24 well plates with biofluids in NET assay buffer (1% bovine serum albumin and 1

mM calcium chloride in RPMI 1640) and subsequently treated with 20 nM PMA for 4

h at 37°C. Buffer was carefully removed and cells were washed twice with NET assay
buffer. S7 Nuclease was then added to the wells for 15 min to disrupt NETSs. Supernatants
were transferred to a microtube, EDTA was added to inactivate nuclease, and debris was
removed by centrifugation. Elastase levels (mU/mL) was detected by adding substrate
(N-methoxysuccinyl-Ala-Ala-Pro-Val p-nitroanilide) to the samples. Standard curves were
generated using neutrophil elastase reagent in the kit.

Pig injury model:

To model the systemic injury environment and enable pre-clinical modeling of PMN
function in trauma, we injected liver slurry (10% of the subject animal’s predicted liver
mass) harvested from syngeneic Yorkshire pigs (25-30 kg) into the peritoneal cavity of a
healthy animal under general anesthesia. We then incubated PMN from uninjured pigs (i.e.
those not receiving 7.p. liver slurry) in either 10% plasma from control pigs or in 10%
plasma from the pigs that had undergone 7p. instillation of liver slurry 1 day prior. RB was
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then assessed in response to PMA (100nM) as well as LTBy, using identical methods to those
used for human PMN except for using LTB, as the agonist. We used LTB,4 because pig PMN
respond poorly to fMLF due to differences in their FP receptors (17, 18). Moreover, LTBy is
a potent PMN chemoattractant in humans as well as pigs (19).

Statistical analysis:

Results

Quantitative data were expressed as mean * standard error of mean (SEM) for 3 or

more independent experiments as noted. Statistical analysis was performed using Prism 8
(GraphPad, San Diego, CA). Data were analyzed by analysis of variance (ANOVA) followed
by Tukey’s post hoc test except in one instance noted where £tests were appropriate. P
values <0.05 were considered statistically significant.

Trauma plasma suppresses PMN receptor-dependent total RB but not intracellular RB

Incubation of healthy donor PMN in plasma samples from trauma patients (n=14-18) causes
significant suppression of total RB response to the bacterial-style formyl peptide fMLF

as compared to plasma from control patients (n=10, Figure 2A). The most suppression

was noted when using plasmas from earlier (Day 0-1) time points after injury and

RB suppression decreased over time. Notably, unlike total RB, intracellular RB was not
significantly changed by incubation with trauma plasma (Figure 2B). Taken together, these
findings show that suppression of total PMN RB reflects suppression of extracellular RB.

Trauma plasma suppresses receptor-independent PMN RB

We next studied whether the suppressive effects noted were also seen with receptor-
independent stimulation using PMA as the RB agonist. Responses to PMA are slower

but very complete since it activates Protein Kinase C independent of cell surface receptors
(20). Again, trauma plasma specimens suppressed PMN RB, showing receptor-independent
RB is also suppressed by trauma biofluids (Figure 3A). Also again, RB suppression was
maximal at Day 0-1 post-injury (p<0.01) and tended to fall toward control levels by Day
2-3. Intracellular RB responses to PMA were not significantly affected by trauma plasma
(Figure 3B).

Trauma wound fluids cause greater PMN RB suppression than trauma plasma

In several cases (n=4) we were able to compare the activity of trauma wound fluids to
plasma from the same patients obtained at the same time (Figure 4). fMLF was used as the
agonist after standard 10% biofluid incubation. The suppressive effects of wound fluid on
PMN RB were uniformly greater than those of contemporaneous plasma specimens. This
may suggest that there is a gradient of PMN suppression indicating higher concentrations of
suppressive agonists at wound sites that can migrate down their concentration gradients into
the circulation.
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Trauma biofluids inhibit PMN chemotaxis towards fMLF

To investigate whether the suppressive effects on PMN function by trauma biofluids are
unique to RB or reflect a more global suppression of effector functions, we next assessed
PMN chemotaxis after incubation in biofluids. As shown in Figure 5A, trauma plasma
significantly suppresses PMN migration towards fMLF. Moreover, incubation in 10% wound
fluid completely abolished PMN chemotaxis (p < 0.01).

Trauma plasma suppresses PMA-induced NETosis in PMN

Myeloperoxidase (MPO) ‘decorates’ PMN NETSs, and MPO-dependent RB is critical for
microbial killing (21). Thus extracellular RB may be closely linked to NET formation and
we studied the effects of incubation in trauma plasma on NET formation. As seen in Figure
5B, NETosis was significantly suppressed by trauma plasma as compared to incubation in
volunteer plasma.

A porcine injury model mimicking trauma-induced changes in PMN function

Tissue necrosis (modeled by /.p. instillation of liver slurry in pigs) was found to result

in similar plasma-induced deficits in receptor-induced (LTB,, Figure 6A) and receptor-
independent (PMA, Figure 6B) RB. This finding suggests that causative factors in trauma
plasma may either be DAMPs derived directly from necrotic tissues or may be agonists
generated by innate immune cells in response to stimulation by DAMPs.

Discussion

Patients with major injuries are at high risk for bacterial infections and the functional
alterations in immunity that underly this susceptibility are not well understood. Alterations
in PMN RB and other effector functions related to microbial killing have been suggested

as underlying factors (22, 23). But the effects of injury on PMN RB are controversial with
different methodologies leading to different findings. Thus, PMN from burn injury patients
(24) and children with severe injuries (25) were found to show decreased RB whereas
circulating PMN from traumatic brain injury patients were found to have increased oxidative
burst (26). Barrett et al. suggested trauma plasma could ‘prime’ PMN by potentiating
extracellular RB (27). But non-adherent PMN from patients with severe injuries showed
decreased oxidant production where adherent PMN showed the opposite (28). Moreover,
prior research has centered more on increases in RB as potential sources of inflammatory
organ injury than on decreases in RB as predictors of infection. But clearly, much work still
needs to be done to fully understand the underlying mechanisms by which injury alters PMN
function.

Here, we used plasma and wound fluids to ‘prime” PMN function and found both plasma
and wound fluids caused clear suppression (i.e. ‘negative priming’) of RB. Of methodologic
importance, we found that even normal plasma suppressed RB in luminometry studies but
that by using lower plasma concentrations than have been previously reported and washing
PMN carefully after exposure, we can clearly delineate the residual effects of priming

in healthy volunteer plasma, plasma from trauma patients and wound fluids on PMN.
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Moreover, using these techniques, we think we can more clearly define the evolution of
changes in PMN function elicited by the humoral environment after injury.

Also using these methods, we find that injury suppresses PMN total RB, but by studying
total and intracellular RB, we clearly demonstrate that these changes represent diminished
extracellular RB. This effect occurs in parallel with decreased NETosis, which is consistent
with the concept that RB occurring in NETS is a key mechanism for PMN bacterial killing.
Moreover, the PMA results demonstrate that some of this effect must be non-receptor based,
reflecting changes in cell signaling that occur downstream to PKC and are able to suppress
NET formation. It is also possible that the suppression of NET formation may be a critical
reason for the observed suppression of respiratory burst.

We also find that wound fluids have even more suppressive effects on PMN RB than
plasma sampled from the same patients concurrently. This suggests that the mediators of
inflammation causing suppressed PMN function may arise at wound sites and enter the
circulation. Moreover, the data shows that the humoral environment after injury returns
towards normal over several days, although individuals varied considerably in the time
course of resolution. We also demonstrate that the plasma humoral environment after
injury suppresses chemotaxis with wound fluids, again, being more potent suppressants
than trauma plasma.

Last, we created a porcine model to enable study of therapeutic interventions potentially
aimed at improving PMN anti-microbial function after injury. This entailed instillation of
necrotic liver slurry into the peritoneal cavity to mimic necrosis due to a blunt liver injury.
We found again, that receptor-dependent and independent RB were markedly suppressed by
plasma from pigs challenged with necrotic tissue. This may suggest an important mechanism
by which retained necrotic tissues can place the host at risk for infection. Although such
necrotic tissues are sterile, they are rich sources of DAMPs that include important innate
immune mediators like formyl peptides (FPs) and mitochondrial DNA (mtDNA). The effects
noted on receptor-independent RB suggest that cell signaling in the trauma environment acts
on intracellular NADPH oxidase function as well as having effects on the expressions and
function of cell surface receptors. All these are important for PMN antimicrobial function
in-vivo.

The exact molecular species generated by trauma that alter PMN function are unclear.
Others have suggested that complement fragments may be key (27), and we have noted
that mtDNA suppresses PMN CTX (10). FPs from necrotic tissue also suppress chemotactic
receptors that activate PMN (5, 6, 29). We suspect though, that a wide variety of mediators
are generated in trauma environments. These will ligate multiple receptors leading to
integrated cellular responses. Such “‘cognate’ responses can be functionally adaptive or
maladaptive depending upon the individual clinical circumstances. For instance, a group of
stimuli that cause PMN to become immobilized at an injury site might be important for
local phagocytosis of debris and subsequent wound healing. But the same set of stimuli
might suppress the ability of circulating PMN to migrate into areas of bacterial challenge.
Further investigations should center on delineation of the particular mediators or groups of
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mediators that are functional and/or dysfunctional in specific clinical circumstances. These
data can then inform future therapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The effects of varied plasma concentration on RB.
No RB is seen without terminal stimulation by either receptor-mediated fMLF (panel A) or

receptor-independent PMA (panel B). Pre-incubation in high concentrations of autologous
plasma (AP50%) quench respiratory burst as compared to pre-incubation in PBS media. By
using lower concentrations of the autologous plasma to preincubate the cells though, we
return RB measurements to the values seen after pre-incubation in PBS (Panel A, PBS vs
AP10%). Then by varying the type of biofluid used at the preincubation stage we can see
the residual biologic effects of that biofluid environment. For subsequent comparisons with
trauma patient plasma we routinely used non-autologous (but healthy) control plasmas since
the trauma plasma was always non-autologous. In side-by side comparisons (not shown) no
differences in RB were seen after pre-incubation in 10% healthy volunteer (non-autologous)
plasma vs 10% autologous plasma. AUCs were compared using one-way ANOVA / Tukey’s
test (**p<0.01; ****p<0.001). AP, autologous plasma.
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Figure 2. Effect of trauma plasma on fMLF-induced total (Panel A) and intracellular PMN RB.
Intracellular RB (Panel B) was assessed by stimulating cells in the presence of the extra-

cellular oxidant scavengers SOD and catalase (see methods). Healthy PMN were incubated
with 10% trauma plasma (TP) from samples taken on either Day 0 to 1 (D0-1) or Day 2 to
3 (D2-3) for 25 min. fMLF-induced RB was measured for 30 min using a luminometer (left
sided traces). Note that total RB values and RB elicited by PMA are typically much larger
than intracellular RB and receptor dependent RB. The scales of the luminometry graphs

are typically modified to demonstrate differences where needed. The standard error bars

are drawn to scale. The areas under the curve (AUC) for luminol activation over 10 min
were calculated (right hand graphs) and compared using one-way ANOVA / Tukey’s test
(*p<0.05; ****p<0.001). CP, control plasma; TP, trauma plasma; RLU, relative light units.
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Figure 3. Effect of trauma plasma on receptor-independent total versusintracellular PMN RB.
Healthy PMN were incubated with 10% biofluids for 25 min and then PMA-induced RB

was measured for 60 min using a luminometer (left hand traces). AUCs were calculated for
60 min (right hand graphs) due to the slower onset of PMA activation. We noted that total
RB (panel A) was equally and markedly suppressed by trauma plasmas from Day 0-1 and
Day 2-3. Intracellular RB (panel B) is not significantly suppressed. Note that intracellular
RB (B) peaks later than total RB (as seen in panel A or in Fig. 2) and is generally much
greater than receptor-initiated RB. AUC results were compared using one-way ANOVA /
Tukey’s test (**p<0.01). CP, control plasma; TP, trauma plasma; RLU, relative light units.
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Figure 4. Effect of trauma wound fluids ver sus trauma plasma on receptor-induced total PM N

RB.

Here, healthy PMN were incubated for 25 minutes with either 10% wound fluid (n=4)

or 10% peripheral plasma sampled from the same patient on the same day (n=4). fMLF-
induced total RB was then measured for 30 min (left sided graph). RB AUCs for 30 min
were then calculated (right hand graph) and compared using one-way ANOVA/Tukey’s test
(**p<0.01; ****p<0.001). Both plasma and wound fluids suppressed RB when compared
to pre-incubation in control (volunteer) plasmas, but wound fluids were noted to be
significantly more suppressive of RB than plasmas collected at the same time point. RLU,

relative light units.
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Figure 5. Effect of trauma biofluidson PMN chemotaxisand NETosis.
Healthy PMN were incubated with 10% biofluids for 25 min. In Panel A, PMN were

pre-incubated in 10% volunteer control plasma, wound fluid or trauma plasma collected
from the same patient at the same time as the wound fluid. CTX towards fMLF (100

nM) was then studied in transwells. Migrated PMN were retrieved after 60 min and
CyQuant dye was used to quantify cell numbers. Chemokinesis (cells spontaneously
migrating without fMLF being present) was subtracted. Both plasma and wound fluids
markedly suppress chemotaxis. In Panel B, PMN were pre-incubated in buffer (‘None”)
10% volunteer (Control) or trauma plasma (Trauma). Extracellular trap formation (NETosis)
was then induced by PMA over 4 hours and then measured using the elastase technique.
Trauma plasma markedly suppressed NETosis as compared to volunteer plasma. Values
were compared using one-way ANOVA / Tukey’s test (*p<0.05; **p<0.01; ***p<0.005).

J Trauma Acute Care Surg. Author manuscript; available in PMC 2023 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kim et al. Page 15

(A) RLU
500071 LTB4 100 nM . AUC,,
| —— Control Pig Plasma 120+ *%
4000+ l — Trauma Pig Plasma 100~ : |
3000— S 804
2000- § 60
1000 = 407
20
0 T T T I ' 1 0
I
0 10 20 30 Control Trauma
Time [min]
B
(B) RLU
400007 P\A 100 nM —— Control Pig Plasma AUC12
) 120+ *
— Trauma Pig Plasma
30000 100 |
3 80+
20000 g } =
g S 60
9
10000- X 40
20
0 — 7T 7T 0 .
0 30 60 90 120 Control Trauma

Time [min]

Figure 6. Effect of plasma from pigs challenged by intraperitoneal necrotic tissue on porcine
PMN RB.

PMN sampled from a healthy pig were incubated for 25 min with either 10% plasma from
control (untreated) pigs or from pigs that had undergone 7.p. injection of pig-liver slurry

1 day prior. Then receptor-dependent (LTB,-induced, Panel A) and receptor-independent
(PMA-induced, Panel B) respiratory burst were measured for the indicated times using the
luminometer (left sided traces). Again, receptor-dependent RB is measured for a shorter
time than receptor-independent RB. As in human trauma, RB by pig PMN was markedly
suppressed by plasma from pigs challenged with DAMPs. AUCs were calculated (right hand
graphs) and compared using one-way ANOVA / Tukey’s test (*p<0.05; **p<0.01). RLU,
relative light units.
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