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a b s t r a c t

Objective: Burn injury induces an acute hyperactive immune response followed by a chronic

immune dysregulation that leaves those afflicted susceptible to multiple secondary

infections. Many murine models are able to recapitulate the acute immune response to

burn injury, yet few models are able to recapitulate long-term immune suppression and thus

chronic susceptibility to bacterial infections seen in burn patients. This has hindered the

field, making evaluation of the mechanisms responsible for these susceptibilities difficult to

study. Herein we describe a novel mouse model of burn injury that promotes chronic

immune suppression allowing for susceptibility to primary and secondary infections and

thus allows for the evaluation of associated mechanisms.

Methods: C57Bl/6 mice receiving a full-thickness contact burn were infected with Pseudomonas

aeruginosa 14 days (primary infection) and/or 17 days (secondary infection) after burn or sham

injury. The survival, pulmonary and systemic bacterial load as well as frequency and

function of innate immune cells (neutrophils and macrophages) were evaluated.

Results: Following secondary infection, burn mice were less effective in clearance of bacteria

compared to sham injured or burn mice following a primary infection. Following secondary

infection both neutrophils and macrophages recruited to the airways exhibited reduced

production of anti-bacterial reactive oxygen and nitrogen species and the pro-inflammatory

cytokineIL-12 while macrophages demonstrated increased expression of the anti-inflam-

matory cytokine interleukin-10 compared to those from sham burned mice and/or burn mice

receiving a primary infection. In addition the BALF from these mice contained significantly
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higher level so of the anti-inflammatory cytokine IL-4 compared to those from sham burned

mice and/or burn mice receiving a primary infection.

Conclusions: Burn-mediated protection from infection is transient, with a secondary infection

inducing immune protection to collapse. Repeated infection leads to increased neutrophil

and macrophage numbers in the lungs late after burn injury, with diminished innate

immune cell function and an increased anti-inflammatory cytokine environment.

1. Introduction

Burn injury causes significant lengthy hospital stays among
patients. Every year 486,000 patients in the United States seek
medical attention for burn injury [1]. Burn injury commonly
creates a significant wound that is slow to heal and causes
significant systemic immune dysregulation and late stage
immunosuppression. Patients that experience this immuno-
suppression are often susceptible to cutaneous, pulmonary and
systemic colonization with nosocomial and opportunistic
bacteria. Infection of burn patients is also commonly associated
with increased morbidity and mortality. Studies have found
that ventilated patients who have more than one incidence of
bacterial infection during the course of their hospital stay can
experience a 42% increase in mortality [2]. Thus, identification
of mechanisms associated with this increased susceptibility are
imperative to controlling mortality.

Bacterial pneumonia is a leading cause of mortality among
burn patients [3]. One common source of bacterial pneumonia
within the burn patient population is Pseudomonas aeruginosa, a
gram-negative opportunistic infection [4,5]. Full clearance of
pseudomonal infections requires the activation and integra-
tion of the immune system [6,7]. Studies have demonstrated
that neutrophils are the primary innate immune cells
responsible for preventing and clearing bacterial infections,
and that a neutrophil response is both necessary and sufficient
for clearance of P. aeruginosa infections [8].

Immediately after burn injury, patients experience a
general activation of the immune response, with one model
defining this as early systemic inflammatory response
syndrome (SIRS) [9–11]. This response is typically associated
with cytokine storm, immune cell proliferation and systemic
immune cell recruitment [12]. Continual activation of the
immune system leads to activation of a late compensatory
anti-inflammatory response syndrome (CARS) [13]. Although
many studies have demonstrated and examined the SIRS
response in both human and animal models [14–19], few
studies are able to recapitulate the CARS response seen in the
human population using animal models. In addition, recent
studies indicate that the SIRS/CARS paradigm may not
accurately represent the complex immune response in burn
patients because pro- and anti- inflammatory mediators are
often detected simultaneously [20–25] and patients experience
a mixed antagonist response syndrome (MARS) at all time
points. We retain the SIRS/CARS terminology for this study to
define the “early” and “late” phases after injury and net
immune bias of the MARS response after burn injury.

Additional studies indicate that SIRS and CARS among burn
patients leads to release of immune cytokines and alterations

in the immune profile, and that poor outcomes following
infection within patient populations can be predicted by
production of the cytokines interleukin 10 (IL-10) and
interleukins 12 (IL-12) and 4 (IL-4) [23,26–29]. Additionally,
murine studies have indicated that these cytokines play an
important role in burn-associated responses to bacterial
infection [14,27,30,31]. Researchers have demonstrated that
treatments resulting in decreased IL-10 production after burn
injury lead to increased bacterial clearance and improved
outcome [14,32,33] and that current therapeutic targets exist
capable of altering cytokine production after burn injury [29].
These findings indicate that IL-10 and IL-12 are important
markers and potential targets for therapeutic interventions.

Multiple studies in animal models indicate that after injury,
burn mice are more capable of responding to infection than
their sham counterparts [34–40] likely due to burn-induced
upregulation of the innate arm of the immune system [41,42]
analogous to protective immune priming of lung mucosal
innate immunity by bacterial pathogens against subsequent
bacterial pathogens [43]. It is evident that there is an increased
neutrophil presence in the lung vasculature early and late after
burn injury [34–36]. Late after injury these neutrophils are part
of an overall heightened immune response and have been
shown to the key player in the improved outcome in burn mice
following single infection [34,35], an effect that is lost with the
elimination of the protective neutrophil population using anti-
Ly6G antibodies [36]. This has represented a significant
paradox in the study of the late immune dysfunction after
burn injury in which the accepted clinical picture of immune
susceptibility to bacterial infection [44] in patients late after
burn injury is not reflected in the animal model. We have
demonstrated that in the presence of burn-associated comor-
bidities such as irradiation or smoke exposure, infection with
bacterial exposure can result in a loss of the protective effect of
burn injury [45,46].

In a nosocomial environment, the skin microbiota of
patients commonly changes to match that of their environ-
ment and the nurses with whom they commonly interact
[47,48]. Burn wounds represent a disrupted barrier to the
environment, and burn patients have a high incidence of
infection (39% in our burn unit) due to large burn wounds and
necessary surgery, resulting in subsequent immune dysregu-
lation [49–51]. In contrast, mice utilized in experimentation are
housed in specific-pathogen free environments and are
protected from bacterial exposure. We hypothesized that
the pulmonary neutrophil population present after burn injury
creates a protective environment in which mice are prepared
to respond to an initial pulmonary infection with P. aeruginosa.
However, we believe that this population represents a finite
resource and that once activated to respond to a bacterial



insult this short-lived population is unable to replenish and
mount continual protection to repeated exposure to bacteria.
We additionally predict that these cells may play an important
role in the production of IL-10 and IL-12 in vivo.

2. Material and methods

2.1. Animals

Female C57BL/6 mice aged eight to twelve weeks old, weighing
>18g were purchased (Taconic Farms) and used for this study.
Mice were shaved dorsally, given a subcutaneous injection of
morphine (3mg/kg body weight, West-Ward Pharmaceuticals)
and underwent a 20% total body surface area burn as
previously described [14,45,52,53]. A full-thickness contact
burn was achieved using a 65g copper rod (1.9cm in diameter)
that had been heated to 100�C and applied to the dorsum/flank
for four applications, each lasting 10s. Animals were then
placed in individual cages, given food and water ad libitum and
monitored twice daily. All sham animals underwent the same
procedure with the exception of the application of the burn
injury. All animals were housed in a specific pathogen-free
environment and all procedures were approved by the
Institutional Animal Care and Use Committee at the University
of North Carolina at Chapel Hill in accordance with NIH
guidelines for the care and use of Laboratory animals (NIH
Publications No. 8023, revised 1978).

2.2. Bacterial Inocula preparation and infection

A wildtype strain (PAK) of P. aeruginosa was utilized for all
infections as previously described [14]. Bacteria from frozen
cultures were grown overnight in Luria Broth (LB). The following
morning cultures were diluted 50� and grown for approxi-
mately two hours until mid-log phase growth was achieved
(OD600=0.6–1.2). Cultures were then centrifuged at 14000rpm for
30s, and the pellet was washed using 1mL PBS+1% protease
peptone solution (PBS+1%PP). Bacterial pellets were re-sus-
pended and diluted to the desired concentration and verified by
optical density at 600nm. Bacterial concentration was then
confirmed by serial dilution and plating on LB agar plates.

Mice infected intraperitoneally received a 1mL injection of P.
aeruginosa at a concentration of 5�105 CFU/mL. Uninfected
mice were given an intraperitoneal injection with 1mL of PBS
+1%PP as a control. Mice infected intratracheally were
anesthetized with an intraperitoneal injection of Avertin
(0.475mg/g body weight: Sigma-Aldrich). Mice were then placed
on an intubation platform, and infected by visualization of the
vocalcords with a laryngoscope (Model LS-2,Penn Century Inc.),
and inserting a MicroSprayer
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Aerosolizer (Model 1A-1C and
FMJ-250 High-Pressure Syringe Penn Century, Inc.) through the
vocal cords, after which a 50uL volume was aerosolized into
their lungs using either a bacterial innocula (2�107 CFU/ML in
PBS+1%PP) or vehicle (PBS+1%PP).

2.3. Enumeration of bacteria

At time of sacrifice, the left lobe of the liver, the lungs, and the
spleen were removed and placed in 0.5mL of LB broth on ice.

Tissues were homogenized using a BulletBlender (Next Ad-
vance) and three 3.2mm stainless steel beads per tube of tissue.
Tissue homogenate was serially diluted and plated on LB agar
for quantification. Plates were incubated overnight at 37�C.

2.4. BAL and whole lung tissue collection

Bronchoalveolar lavage collection was performed on mice to
obtain cells collected from the airway as previously described
[54–56]. Mice were killed using administration of isoflurane and
a catheter (22G�100, Exel) was placed into the trachea and tied
off. A syringe with 1mL 0.6mM EDTA in PBS was connected to
the catheter and 0.6mL of the fluid was flushed into the lungs,
the lungs were massaged, and then the fluid was withdrawn
into the syringe to obtain a primary wash. This procedure was
repeated three times. Two additional washes were performed.
Samples were spun down for cellular analysis and the
supernatant was collected for assay via Bradford assay and
enzyme-linked immune-sorbent assay (ELISA). Lungs were
removed from the animals and minced using sterile razor
blades. Lungs were then placed in 4mL of PBS supplemented
with 10% Fetal Bovine Serum (PBS+FBS), 0.1mg/mouse DNase,
1500u/mouse collagenase and shaken at 250rpm at 37�C for 1h
for digestion of tissue as previously described [14]. Samples
were then filtered usinga 100mm cell strainer andthen pelleted.
Pelleted cells then underwent ACK lysis for removal of red blood
cells and then samples were washed and resuspended in PBS
+FBS for staining for flow cytometric analysis. Cells collected
from BAL and whole lung tissue were counted using a
hemocytometer with 0.01% trypan blue viability dye.

2.5. Flow cytometric analysis

Cells were incubated with anti-mouse CD16/32 Block (eBioscien-
ces) to block Fc receptors as previously described [14,53]. Cells were
thenstainedwithantibodiesagainstCD45,CD11c,CD11b,Ly6G,F4/
80and/orNOS2.Cellswerethenfixedin1%paraformaldehydeand
examined using a Dako CyAn (Beckmann-Coulter) and then data
was analyzed using Summit software (Beckman-Coulter). Initial
exclusion of CD45- cells was conducted, and then neutrophils
(CD45+CD11b+CD11c-Ly6G+) and macrophages (CD45+CD11c
+Ly6G-) were examined. To determine the potential of the
neutrophils to produce reactive oxygen and nitrogen species
(RONS), analysis was performed using dihydrorhodamine-123
(DHR123). Samples were stained using fluorochrome-conjugated
antibodies as previously stated. Prior to fixation in paraformalde-
hyde, the samples were resuspended in DHR123 (1.875mg/mL,
Invitrogen). The samples were then split into stimulated and
unstimulated samples. Samples were stimulated using 98nm
Phorbol myristate acetate (PMA) for 30min at 25�C in the dark. All
samples were then fixed in a 1% paraformaldehyde solution, and
analyzed using flow cytometry. Reactive oxygen and nitrogen
species(RONS)expressionwasdeterminedforeachcellpopulation
present, as previously described [57].

2.6. Isolation and analysis of cytokine and chemokine levels
by multiplex analysis

BAL was collected as above, and we employed multiplex
analysis of 33 chemokines and cytokines according to



manufacturer’s instructions (Bio-Plex ProTM Mouse Chemo-
kine Panel 33-Plex #12002231, BioRad Inc).

2.7. Statistical analysis

All data were visually displayed in GraphPad Prism Version 5.0
for Windows and analyzed by Student’s t-Test or One-Way
Analysis of Variance (ANOVA) with a Tukey post-test; Kaplan–
Meier survival plots were subject to Gehan-Breslow-Wilcoxon
analysis. Data are represented as geometric mean, with
statistical significance is indicated as * p<0.05, ** p<0.005,
*** p<0.001.

3. Results

3.1. Intratracheal bacterial infection leads to increased
neutrophil and macrophage numbers in the lungs late after
burn injury and increased immune protection

To examine the underlying mechanism(s) of burn-dependent
immune protection, we examined changes in immune cells
present in infected lung tissue. We focused on the lungs
because pulmonary infections are a common comorbidity and
cause of mortality after burn injury. We examined the immune
response to a single intratracheal (IT) inoculation of P.
aeruginosa 14 days after administration of sham or burn injury.
We observed a significant increase in the number of live
immune cells in whole lung in sham and burn mice after IT
infection (Fig. 1A). Using specific flow cytometric quantifica-
tion of innate immune cells in the lung (representative
staining shown in Fig. 1B), we found that there were no burn
or infection-dependent changes in the total number of
macrophages present in the BAL or whole lung tissue
(Fig. 1C–D). However, infection led to a significant increase
in the numbers of neutrophils present in BAL collected from
both sham and burn-injured mice (Fig. 1E). Additionally, we
found that infection led to an increased number of neutrophils
present in the whole lung tissue collected in mice, a phenotype
augmented by burn-injury (Fig. 1F). Lung and spleen harvested
24h after infection had significantly less bacterial load in the
burn mice than sham mice (Fig. 1G). These data agree with
earlier studies which demonstrate that an increased number
of pulmonary neutrophils are responsible for burn-mediated
immune protection from infection [14,34,36].

3.2. Burn-mediated protection from infection is transient,
with a secondary infection inducing immune protection to
collapse

Hospital stays frequently result in changes in the microbiome of
patients and these changes commonly lead to development of
multiple hospital acquired infections [47,49,50]. Animal models
of bacterial exposure often depend on a single exposure to
bacteria, which is not representative of a nosocomial environ-
ment. To more closely mimic clinical conditions with repeated
bacterial exposure, we employed an infection strategy in which
mice were initially infected (14 days after burn injury) intra-
tracheally (IT) with P. aeruginosa or not, and then received a high-
dose intraperitoneal (IP) infection withP. aeruginosa (17 days after

burn injury; described in Fig. 2A). After a single IP infection, sham
injured mice (ShamP) exhibited significant mortality (Fig. 2B)
compared to all other groups. Protective priming of the lung
mucosal innate immunity by bacterial pathogens against
bacterial pathogens has been previously described [43] and, as
expected, administration of an initial IT infection in sham mice
prior to the IP infection (ShamT/P) reversed this and protected the
sham mice from death compared to singly infected sham mice
(ShamP; Fig. 2B). In contrast, after a single IP infection, burn-
injured mice (BurnP) did not succumb to a dose of bacteria that
was fatal to sham counterparts (ShamP; Fig. 2B), as predicted by
earlier studies [34–36,39,40,53]. However, burn mice that had an
initial IT infection followed by a second IP infection (BurnT/P)
demonstrated increased mortality compared to singly infected
burn (BurnP) and doubly infected sham mice (ShamT/P; Fig. 2B).

The survival data correlated well with bacterial load in the
lungs with significantly higher bacterial burden in the lungs of
doubly infected burn mice (BurnT/P) compared to singly
infected burn mice (BurnP; Fig. 2C). Fig. 2C also highlights
burn-induced protection against bacterial infection with
single infected burn mice (BurnP) clearing bacteria significant-
ly better than single infected sham mice (ShamP). A reduced
bacterial burden in both the spleen and liver in double infected
sham treated mice (ShamT/P) compared to single infected
sham treated mice (ShamP)24h after final inoculation dem-
onstrates a prior infection-induced protection against bacte-
rial infection (Fig. 2D–E). While there was no significant
difference in liver bacterial burden between sham and burn
mice regardless of infection protocol (Fig. 2D), a lower splenic
bacterial burden was observed in single infected burn mice
compared to their sham counterparts (Fig. 2E). Together these
data suggest that the burn-mediated protection from infection
is transient, with a secondary infection inducing immune
protection to collapse. Burn injury also suppresses infection-
induced priming protection from subsequent infection.

3.3. Repeated infection leads to increased neutrophil and
macrophage numbers and increased chemokine responses in
the lungs late after burn injury

In order to identify the mechanism responsible for burn-
mediated susceptibility to a repeat bacterial exposure in our
mouse model, we examined changes in innate cellular
compartments after repeated bacterial infection. Specifically,
we analyzed immune cells present in BAL and found that there
was an increase in the number of neutrophils in both sham and
burn mice infected both IT and IP (ShamT/P and BurnT/P) versus
the uninfected and singly infected counterparts (Sham,
ShamP, Burn and BurnP; Fig. 3A). In addition, the number of
neutrophils was significantly higher in burn mice infected
both IT and IP (BurnT/P) than observed in sham mice infected
both IT and IP (ShamT/P; Fig. 3A). While infection of sham mice
regardless of infection protocol (ShamP and ShamT/P) did not
alter macrophage levels in the BAL compared to uninfected
sham mice (Sham), burn mice doubly infected (BurnT/P) had
significantly increased BAL macrophage numbers compared
to uninfected and singly infected counterparts (Burn and
BurnP) as well as sham mice doubly infected (ShamT/P; Fig. 3B).
In addition, we sought to examine immune changes that took
place within the lung tissue. Enumeration of single immune



Fig. 1 – Single IT infection leads to increased neutrophil numbers in the lung BAL late after burn injury. Mice underwent sham or
burn injury and were infected (14 days after burn injury) IT with P. aeruginosa (ShamTor BurnT) or uninfected (Sham or Burn) and
lungs harvested 24h later; (A) total cells enumerated counted on a haemocytometer, (B) representative flow cytometry of BAL or
whole lung tissue used to identify neutrophils and macrophages; cells are shown after gating on live singlets and common
leucocyte CD45+ marker; (C–F) number of macrophages or neutrophils from either BAL or whole lung were quantified for each



cell suspensions generated from whole lung tissue revealed
that there was also a double infection-dependent increase in
the number of neutrophils (ShamT/P and BurnT/P) when
compared to uninfected and singly infected counterparts
(Sham, ShamP, Burn and BurnP; Fig. 3C). Similar to the BAL,
burn mice doubly infected (BurnT/P) had significantly in-
creased macrophage recruitment to lung tissue compared to
uninfected and singly infected counterparts (Burn and BurnP)
as well as sham mice doubly infected (ShamT/P; Fig. 3D). We
also characterized the effect of burn injury and infection on the
expression of an array of chemokines chemotactic to

neutrophils and macrophages in the BAL. We found that a
subset of chemokines (including CXCL16 and CCL12; Fig. 3E)
were significantly increased in the burn with double infection
compared to all other treatment groups which correlated well
with macrophage accumulation (Fig. 3B, D). Taken together,
these data suggest that repeated infection following burn
injury leads to induction of pulmonary chemokines that
differentially recruit macrophage and neutrophil populations
into the lungs, although the data do not explain loss of
protection from infection.

injury and infection group; (G) lungs and spleen were harvested from mice 24h after final P. aeruginosa infection and bacterial
load was quantified by colony forming unit (CFU) analysis. Data shown are *p<0.05, **p<0.01, with geometric mean highlighted
and are representative of three repeated experiments.

Fig. 2 – Repeated, but not single infection, leads to susceptibility to bacterial infection in a murine model of burn injury. (A) Mice
underwent sham (Sham/S) or burn injury (Burn/B) and were infected with either intraperitoneal (IP) infection with P. aeruginosa
17 days after injury or intratracheal (IT) inoculum of P. aeruginosa 14 days after injury and a subsequent IP infection with P.
aeruginosa 17 days after injury as described in Panel A. (B) Survival was monitored for up to 96h after final infection. (C) Lungs,
liver and (D) spleen were harvested from mice 24h after final P. aeruginosa infection and bacterial load was quantified by colony
forming unit (CFU) analysis, with dashed line representing lower limit of detection for the CFU assay. Data shown are (B)
**p<0.01, **p<0.005 as indicated relative to BurnT/P after Kaplan–Meier and Gehan-Breslow-Wilcoxon analysis, representative
of five repeated experiments, with numbers of initial mice; survival plots A–C, ShamP, n=9; ShamT/P, n=9; BurnP, n=10; BurnT/P,
n=10. (C–D) *p<0.05, **p<0.01, with geometric mean highlighted and are representative of three repeated experiments.



Fig. 3 – Double infection leads to increased neutrophil and macrophage recruitmentin the lung late after burn injury. Mice
underwent sham or burn injury and were given IT inoculation with PBS+1%PP or with P. aeruginosa (ShamT/P or BurnT/P) 14 days
after injury, followed by IP infection IP with P. aeruginosa (ShamP or BurnP) at 17 days after injury, or left uninfected (Sham or
Burn). Lungs were harvested 24h later; (A–D) number of macrophages or neutrophils from either BAL or whole lung were
quantified for each injury and infection group. (E) Whole BAL was subjected to multiplex chemokine analysis at the same time
point. Data shown are *p<0.05, **p<0.01, ***p<0.005 with geometric mean highlighted and are representative of three repeated
experiments.



3.4. Loss of burn-mediated protection after double infection
is associated with diminished neutrophil RONS production

Protective priming of the lung mucosal innate immunity by
bacterial pathogens against bacterial pathogens has been
previously described [43], thus we examined function of
macrophage and neutrophils isolated from lung tissue
following each of our experimental paradigms to determine
their microbicidal potential by oxidation. Initially, we utilized
DHR123 to quantify the levels of RONS basally present in cells
and their ability to produce RONS after in vitro stimulation. We
found that burn injury alone results in increased basal
neutrophil RONS production (Sham vs. Burn; Fig. 4A). In
addition, burn alone (Burn) results in higher basal neutrophil
RONS production than that observed in neutrophils from
singly or doubly infected sham mice (ShamP and ShamT/P;
Fig. 4A). Interestingly, we observed that if burn animals are
doubly infected (BurnT/P), basal neutrophil RONS generation is
significantly lower relative to uninfected burn injured mice
(Burn, Fig. 4A). Neutrophils from doubly-infected (BurnT/P)
mice were also defective in producing RONS after in vitro
stimulation relative to uninfected burn counterparts (Burn) as
well as burn singly infected mice (BurnP; Fig. 4B). Loss of RONS
activity in neutrophils from doubly infected mice (BurnT/P) also
correlated with a decrease in intracellular expression of
inducible nitric oxide synthase (NOS2) compared to doubly
infected sham (ShamT/P), uninfected burn (Burn) and singly
infected burn mice (BurnT/P; Fig. 4C).

While nominal differences in basal macrophage RONS
production were observed in sham mice doubly infected
compared to all other experimental groups (Fig. 4D), in vitro
stimulation induced a significant increase in RONS production
by macrophages from these mice (ShamT/P) compared to those
from uninfected sham (Sham) and singly infected sham mice
(ShamP; Fig. 4E). Burn injury suppressed the enhanced
infection-dependent in vitro induction of RONS production
by macrophages (ShamT/P vs BurnT/P; Fig. 4E). We therefore
hypothesize that diminished neutrophil RONS production is a
key player in the loss of burn-mediated protection after double
infection. Similarly, while increased macrophage RONS
production is a mechanism for innate priming in sham mice,
its burn-dependent suppression indicates another burn-
mediated loss of protection after double infection.

3.5. Neutrophil and macrophage IL-10 and IL-12 are
differentially expressed after single and double infections in
burn mice

We have previously demonstrated that aberrant production of
the cytokines increased IL-10 and reduced IL-12 is likely a
major factor contributing to the immunopathology responsi-
ble for susceptibility to infection in burn patients
[14,23,26,27,29]. We examined the expression of the anti-
inflammatory cytokine IL-10 and the pro-inflammatory IL-12
in neutrophil and macrophage populations isolated from the
BAL. Using flow cytometry, we found that intracellular IL-10
levels in neutrophils were significantly higher in burn injury
mice (Burn) and burn injury mice that received a single
infection (BurnP) compared to burn mice receiving a double
infection (BurnT/P), as well as all sham groups (Sham, ShamP

and ShamT/P; Fig. 5A). In contrast, only burn mice receiving a
double infection (BurnT/P) presented with significantly higher
levels of IL-10 in the macrophage population when compared
to burn mice (Burn), burn mice receiving a single infection
(BurnP) and all sham groups (Sham, ShamP and ShamT/P;
Fig. 5B).

When we examined intracellular levels of IL-12 we found
that neutrophils from burn alone and burn mice singly
infected (BurnP) exhibited significantly higher levels of IL-12
compared to all sham groups (Sham, ShamP and ShamT/P;
Fig. 5C). Importantly, this elevated expression was abolished in
burn and doubly infected animals (BurnT/P; Fig. 5C). Within the
macrophage compartment, there was significantly lower level
of IL-12 expression observed in burn mice receiving a double
infection (BurnT/P) compared to burn alone, burn mice
receiving a single infection (BurnP) and sham mice receiving
double infections (ShamT/P; Fig. 5D). While we were unable to
find detectable levels of IL-10 in whole BAL at the level of
bacterial infection used, we were able to detect significantly
increased levels of the anti-inflammatory cytokine IL-4 in burn
mice that underwent double infection compared to all other
experimental groups (Fig. 5E). Taken together, these data
highlight that there is differential expression of pro- and anti-
inflammatory cytokines by macrophage and neutrophil
populations following secondary bacterial challenges.

4. Discussion

Murine models are frequently utilized to examine molecular
and cellular mechanisms of burn-associated immune dys-
function [14,53,58–60]. However, clinically relevant animal
model of injury should recapitulate phenotypes seen among
human patients throughout the entire course of dysfunction.
Multiple studies have indicated that current murine models of
burn injury are insufficient to elicit immunosuppression late
after burn injury [34,61]. In our model burn mice required
repeated exposure to bacterial insult for burn-mediated
immunosuppression to become apparent. This phenotype is
similar to previously reported clinical observations. A previous
study investigating critically ill trauma patients that experi-
enced multiple episodes of bacterial ventilator-associated
pneumonia indicated that mortality is significantly increased
only among a patient population after a secondary bacterial
challenge [2]. These clinical data in conjunction with our data
imply that the immune compartment is sufficient to protect
patients against a single bacterial insult, but that a second
infection will result in immunosuppression.

We hypothesized that immune cells that respond to
repeated infection would exhibit immune cell exhaustion
and that they would therefore be unable to mount appropriate
immune responses to subsequent infection. To characterize
immune exhaustion, we examined immune cells frequencies
as well as cellular function. We found that burn injury resulted
in increased numbers of neutrophils present in whole lung
tissue collected from mice. Neutrophils are recruited to the
lungs after injury and represent a pool of innate immune cells
that rapidly respond to any bacterial insult in the lung
compartment. Neutrophils production of multiple mediators,
including RONS, result in the destruction of bacterial



Fig. 4 – Neutrophils from burn mice are not able to be activated after secondary infection to increase RONS production. Mice
underwent sham or burn injury and were infected (17 days after injury) either IP with P. aeruginosa (ShamPor BurnP) or IT with P.
aeruginosa 14 days after injury followed by IP infection at 17 days after injury (ShamT/P or BurnT/P) or left uninfected (Sham or
Burn). Lungs were harvested 24h later; (A–D) reactive oxygen/nitrogen oxidative (RONS) ability per cell was measured by flow
cytometry in the absence or presence of Phorbol myristate acetate (PMA) stimulation (“+Stim.”), (E) NOS2 expression per cell was
quantified in neutrophils using flow cytometry. Data shown are *p<0.05, **p<0.01, with geometric mean highlighted and are
representative of three repeated experiments.



Fig. 5 – Neutrophil and macrophage IL-10 and IL-12 are differentially expressed after single and double infections in burn mice.
Mice underwent sham or burn injury and were infected (17 days after injury) either IP with P. aeruginosa (ShamP or BurnP) or IT
with P. aeruginosa 14 days after injury followed by IP infection at 17 days after injury (ShamT/P or BurnT/P), or left uninfected
(Sham or Burn). Lungs were harvested 24h later; (A–D) intracellular IL-10 and IL-12 expression per cell was measured by flow
cytometry (MFI). (E) IL-4 was measured in whole BAL at the same points. Data shown are *p<0.05, **p<0.01, ***p<0.005 with
geometric mean highlighted and are representative of three repeated experiments.



pathogens and have been found to be necessary and sufficient
to resolve infection with P. aeruginosa [6,8]. We postulated that
the recruited neutrophil population would represent a finite
resource, and that after initial immune activation and use of
the neutrophil reservoir any innate immune cells later
recruited to the compartment would experience immune cell
exhaustion. Upon initial examination we found a single
intratracheal infection resulted in comparable movement of
cells (both neutrophils and macrophages) to the airspace in
both sham and burn-treated animals. We also found that
intratracheal infection resulted in recruitment of these cells to
the lung tissue, with significantly higher numbers of neu-
trophils, but not macrophages present in the whole lung tissue
of burn mice following intratracheal infection. Increased
neutrophil numbers in the lungs correlated with improved
bacterial clearance in burn mice after a single infection when
compared to their sham counterparts. Upon subsequent
infection, sham mice are able to “catch up” recruiting more
neutrophils to combat infection, where there is no difference
in the ability of these cells to produce RONS or cytokine
whether they are isolated from animals receiving a single or
double infection. In contrast, the neutrophils recruited to
combat a second infection after burn injury produce less RONS,
and less IL-12 than observed in those neutrophils recruited
after the first bacterial hit. Similarly, macrophages isolated
from animals receiving a double infection after burn also
produce less RONS and IL-12 concomitant with increased IL-10
production. Finally, elevated BALF IL-4 levels were also
observed in animals receiving a double infection after burn,
although the cellular source of the IL-4 was not evaluated.
These results support our hypothesis that despite burn-
induced protection, due to innate immune cell exhaustion a
successful immune response to a secondary bacterial expo-
sure is inhibited.

Upon infection of a host, bacterial agents such as P.
aeruginosa will release pathogen associated molecular patterns
(PAMPS) that are able to alter the immune response. In addition,
we and others have previously reported that cells from burn-
injured animals exhibit altered signaling of toll-like receptors
(TLRs), the receptors responsible for detection of PAMPS and
subsequent activation of the immune system [14,27,51,62,63].
Alteration of TLR function after burn injury have additionally
been shown to lead to alterations in cytokine production in a
model of burn injury [64]. It is possible that alterations in innate
immune cell TLR levels result in alterations in the immune
response, production of cytokines, and subsequent response to
bacterial infection. Future studies will establish the link
between TLR signaling and antimicrobial activity in our model
of burn injury and repeated infection. To this end, multiple
studies have indicated that the presence of PAMPS in a host is
sufficient to result in altered immune cell signaling, cytokine
production and changes in RONS-associated machinery and
expression [65,66]. Studies have additionally indicated that
burn injury leads to increased RONS and pro-inflammatory
cytokine production in immune cells which can mediate
additional tissue injury [67–70]. Some studies have indicated
that it is possible to decrease RONS activity shortly after burn
injury and decrease damage to lungs while still permitting
successful clearance of subsequent infection [69], and other
studies have implicated neutrophils as the only innate cell type

responsible for burn-mediated hyperactivity [34,36]. In this
study we report increased total numbers of macrophages and
neutrophils present in the whole lung tissue after burn injury
and repeated infection. We additionally found that burn injury
increased basal RONS along with pro- and anti- inflammatory
cytokine expression of neutrophils, but that upon repeated
infection these anti-microbial functions were lost. We also
found that upon each incidence of infection these cells
decreased their baseline production of RONS. Thus, as stated
above, it is plausible that repeated incidence of infection would
cause cells to be repeatedly exposed to PAMPS and result in
intracellular signaling changes leading to alterations in RONS
production (reviewed in Ref. [71]).

We have previously demonstrated that increased produc-
tion of IL-10 and reduced IL-12 cytokines from several
pulmonary and systemic cell types, including macrophages
and neutrophils, is a major factor contributing to the
immunopathology responsible for susceptibility to infection
in burn patients [14,23,26,27,29]. We have also demonstrated
the prognostic potential of IL-10/IL-12 protein ratios within
bronchial washes on predicting lung and systemic infections
following severe burn trauma [14,23,29]. We report here that
that there is differential expression of pro- and anti-
inflammatory cytokines by innate immune cells which are
significantly different following secondary bacterial chal-
lenges. Specifically, neutrophils from burn mice receiving a
double infection presented with decreased RONS and IL-12
expression as well as IL-10 expression. Conversely, macro-
phages from burn mice did not have any apparent change in
RONS production after burn or infections and exhibited a
significant increase in IL-10 production after a secondary
bacterial infection. In addition, BALF from these mice had
significantly higher levels of IL-4 compared to all other
experimental groups. IL-4 is responsible for induction of
polarization of pulmonary macrophages and neutrophils into
IL-10hiIL-12lo cells that we hypothesize are responsible for the
reduced clearance of bacterial pathogens after burn injury in
the presence or absence of other co-morbidities [14,23,72].
These data suggest that macrophages might “guide” subse-
quent immune responses in the pulmonary micro-environ-
ment and warrants further investigation. Excess neutrophils
found in the lungs of burn mice may suggest that macrophage/
monocyte efferocytosis of apoptotic neutrophils as a mecha-
nism leading to the induction of higher levels of IL-10,IL-4 and
reduced IL-12 [73]. Multiple studies have indicated that
cytokines play an important role in patient immune re-
sponses, and we have found that levels of IL-10 and IL-12 are
predictive of outcomes after burn injury, although we have not
evaluated the predictive value of IL-4 [23,29]. Our study
indicates that burn and infection alter innate immune cell
production of IL-10, IL-4 and IL-12. Moreover, our unpublished
data from human studies suggest a relationship between
peripheral blood IL-10/IL-12 and arginase 1 gene (ARG1)/NOS2
gene expression ratios and indicate that they have a powerful
predictive ability for susceptibility to infection in burn
patients. When we examined neutrophil levels of NOS2 we
found that infection of sham-injured mice resulted in
decreased NOS2 expression (Fig. 4C). This phenotype was
not found in burn injured-mice after a single exposure to P.
aeruginosa, however loss of NOS2 levels took place after



repeated infection, indicative of exhaustion arising in burn-
injured mice and associated loss of burn-mediated protection.

In summary, we have found that the pulmonary neutrophil
population recruited after burn injury creates a protective
environment in which mice are prepared to respond to an
initial pulmonary bacterial infection. However, this population
is unable to mount continued protection to repeated infection
due to a reduced oxidative and pro-inflammatory function
which is supported and complemented by an anti-inflamma-
tory microenvironment supported in part by less effective
macrophage populations.
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