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Abstract

Burns are associated with activation of the innate immunity that can contribute to complications.
Damage-associated molecular patterns (DAMPS) released after tissue injury play a critical role in
the activation of the innate immunity, which appears to be mediated via toll-like receptors (TLRs).
Previous findings have shown that TLRs and TLR-mediated responses are up-regulated after burn.
Nonetheless, it is unclear what impact burn injury has on circulating levels of DAMPs. To study
this, male C57BL/6 mice were subjected to a major burn injury or sham procedure. Three hours to
7 days thereafter, plasma was collected and assayed for the representative DAMPs (i.e., HMGB1,
cytochrome C, DNA and S100A) and extracellular cleavage products (fibronectin and
hyaluronan). HMGB1, cytochrome C, fibronectin and hyaluronan levels were elevated in a time-
dependent manner after burn as compared to sham levels. A significant elevation in TNF-a, IL-6
and IL-10 cytokine plasma levels was also found after burn. All cytokine levels were increased as
early as 3 hr and remained elevated up to 24 hr. Circulating CD11b* monocytes were increased at
24 hr after burn and showed increased expression of TLR-2. In conclusion, these findings support
the concept that burn-induced elevations in circulating DAMPSs are in part responsible for
monocyte activation and the development of inflammatory complications under such conditions
and warrants further investigation.
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INTRODUCTION

It is well established that burn injury is associated with a marked inflammatory response and
activation of the innate immune system which contributes to multiple complications. The
burn induced inflammatory response is associated with the release of pro-inflammatory
mediators which interact with the host and the subsequent development of a systemic
inflammatory response syndrome (SIRS) and multiple organ failure [1;2].

Innate immunity activation, while an essential step in the early response to infection, is also
important in the clearance of injured tissue and the initiation of tissue repair. With regard to
burn, cellular injury can lead to the release of intracellular molecules known as damage-
associated molecular patterns or DAMPs [3;4]. DAMPs are derived from a large array of
cellular components including the plasma membrane, nucleus, endoplasmic reticulum,
cytosol, and mitochondria [5]. Interestingly the existence of common recognition patterns
for DAMPs and pathogen-associated molecular patterns (PAMPs) on toll-like receptors
(TLRs) supports that concept of the mitochondria as an important source of DAMPs. A wide
range of molecules of mitochondrial origin, including mitochondrial DNA, N-formyl
peptides, cardiolipin, cytochrome C, carbamoyl-phosphate synthase 1 and ATP have been
identified as DAMPs. These DAMPs are recognized by a number of different receptor types,
including TLRs [6-8]. Activation of TLRs stimulates the innate immune system and can
lead to inflammation and associated complications. Increased TLR reactivity has been
implicated in a number of immunopathological aspects of trauma and burn [9-11].

The Danger Theory, proposed by Matzinger [12], hypothesizes that the mechanism of cell
death governs whether an immune response is initiated. Controlled cell death (i.e.,
apoptosis), does not lead to DAMP generation; however, necrotic cell death (associated with
tissue injury) generates DAMPs, which in turn activate the innate immune system. Potential
DAMPs involved in the activation of the innate immune system via TLRs include
mitochondrial DNA (mtDNA), HMGB-1 and S100A [13]. Zhang et al. recently
demonstrated that mitochondrial DAMPSs, released by cellular disruption after trauma, are
present in the circulation and activate neutrophils [6]. The study herein was undertaken to
investigate the relationships between burn injury, DAMPs and activation of innate immunity.

MATERIALS AND METHODS

Animals

C57BL/6 male mice (18-25 g, Charles River) were used for all experiments. Mice were
allowed to acclimatize for at least one week prior to experimentation and maintained in
ventilated cages under specific pathogen-free conditions. Animals were randomly assigned
to either a sham or burn group. All animal protocols were approved by the Institutional
Animal Care and Use Committee (IACUC) of the University of Texas Health Science Center
at San Antonio. This study was conducted in compliance with the Animal Welfare Act, the
implementing Animal Welfare Regulations, and the principles of the Guide for the Care and
Use of Laboratory Animals.
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Burn procedure

Mice received a scald burn as described elsewhere [14]. Briefly, the mice were anesthetized
by intraperitoneal (i.p.) injection of avertin (tribromoethanol prepared in amyl alcohol,
Sigma Aldrich), at a dose of 275 mg/kg. The dorsal surface was shaved and the anesthetized
mouse was placed in a custom-built, insulated mold exposing 12.5% of their total body
surface area (TBSA) along the right dorsum. The mold was immersed in 70°C water for 10
sec to produce a 3" degree burn. The burn procedure was repeated on the left dorsal side
yielding a total burn size of 25% TBSA. Previous studies have verified this injury to be a full
thickness with damage to the epidermal, dermal and sub-dermal layers [14]. The mice were
then resuscitated with 1 mL of Ringer's lactate solution administered by i.p. injection and
returned to their cages. The cages were placed on a heating pad until the mice were fully
awake, at which time they were returned to the animal facility. Sham treatment consisted of
anesthesia and resuscitation only. Three hours, 24 hrs, 3 days or 7 days later, blood and
plasma were collected for analysis.

DAMP Analysis

Plasma levels of cytochrome C and HMGBJ1, S100A, fibronectin, and hyaluronan were
assayed by ELISA according to the manufacturer’s recommendations. The ELISA kits for
cytochrome C, HMGBL1 and S100A were from www.antibodies-online.com. The kit for
fibronectin was from Boster (Pleasanton, CA) and the kit for hyaluronan was from R&D
Systems (Minneapolis, MN). Total double stranded DNA was isolated from plasma using a
QlAamp DNA blood minikit (Qiagen, Valencia CA) following the manufacturer’s
recommendations. DNA in the plasma was determined spectrophotometrically by measuring
the absorbance of the sample at 260nm (A,g0) and adjusting the measurement for turbidity
(measured by absorbance at 320nm). The concentration of DNA (ug/mL) = (Aggp Value —
Agpgvalue) x the dilution factor x 50ug/mL (i.e., Aygg of 1.0 = 50ug/mL double stranded
DNA). The total yield of DNA was obtained by multiplying the DNA concentration by the
sample volume.

Determination of cellular phenotype

Whole blood was collected from sham and burn mice at 24 hr after burn and stained with
fluorescent-conjugated antibodies against CD11b (FITC), TLR-2 (PE), and TLR-4 (PE) to
assess cellular phenotype. The manufacturer’s recommended methodology was employed
(BD Pharmingen). Appropriate isotype controls were included. FITC and PE were analyzed
with a Becton-Dickinson LSR 11 flow cytometer (BD Biosciences, Mountain View, CA).
Monocyte populations were gated for analysis as determined for forward and side scatter). A
total of 25,000 events were collected for each analysis and FlowJo software was used to
analyze the results gating on the lymphocyte/monocytes gate as determined by forward and
side scatter.

Cytokine Analysis

Plasma samples collected from sham and burn mice at 24 hr after burn were assayed for
IL-6, IL-10 and TNF-a cytokines that were determined by commercial sandwich ELISA
according to the manufacturer’s recommendations (OptiEIA; BD Pharmingen, La Jolla CA).
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Statistics
Data are expressed as mean = SEM for 4-7 mice/group. Comparisons were analyzed using
ANOVA and SigmaPlot 11.0 software (Systat Software Inc, San Jose CA). A p-value < 0.05
was considered to be statistically significant for all analyses.

RESULTS

Plasma DAMP levels

Circulating DAMPs levels were measured from 3 hr to 7 days after sham and burn procedure
(Fig 1). Cytochrome C levels, a marker of mitochondrial damage, were elevated (~8-fold) as
early as 3 hr post-injury and remained elevated at 24 hr. At 3 days post-injury they returned
to sham levels. HMGBL levels were elevated ~10-fold at 24 hr after injury, but at no other
times after injury. Plasma DNA levels trended upwards at 1-7 days after burn, but they were
not significantly different from sham mice. SI00A was not measurable at any time point
(data not shown)

Circulating levels of the extracellular matrix proteins fibronectin and hyaluronan were also
elevated after burn injury (Fig 2). Fibronectin plasma levels increased by ~50% 3 hrs after
burn and returned to normal (i.e., sham) levels by 24 hrs. In contrast, hyaluronan levels were
elevated 4 to 5-fold at all times assessed after injury (3 hr — 7 days).

Plasma cytokine levels

The inflammatory response was assessed by measuring the cytokine content in plasma after
burn or sham treatment. In parallel with DAMPs, plasma cytokine levels were also elevated
after burn injury (Fig. 3). TNF-a levels increased as early as 3 hr post-burn and remained
elevated up to 24 hr. IL-6 and I1L-10 levels were also significantly increased at early time
point of 3 hr post-injury and were further elevated by 24 hr after burn as compared with that
of sham mice. At 3 and 7 days post-injury all cytokine levels had returned to normal or were
not detectable.

Analysis monocyte phenotype and activation

To investigate whether monocytes were altered after burn, blood samples at 24 hr after sham
procedure or burn injury were stained for CD11b expression. A qualitative change in the
circulating cell population was observed after burn with an apparent increase in the
granulocyte numbers as determined by forward and side scatter (Fig.4A). Lymphocyte and
monocytes numbers appeared to be comparable in the sham and burn mice. A marked
increase in the levels of circulating CD11b* monocytes was observed after burn in the
lymphocyte monocytes gate, as compared with shams (87% + 2% and 54% + 6% for burn
and sham respectively; mean = SEM, n=4/group). The CD11b* monocytes showed increased
expression of TLR-2, but not TLR-4 after the injury as compared to sham mice (Fig 4B). A
significantly greater proportion of the CD11b* monocytes population was TLR-2 positive as
compared with sham mice. In contrast to TLR-2 expression, TLR-4 expression on
monocytes remained comparable in both sham and burn groups.
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CD11b* monocytes were further investigated in terms of their CD11b low (CD11b!°%) and
high surface (CD11b"9") expression (Fig 4C). Two populations of CD11b* cells were
clearly evident in the monocytes population. While the overall percentage of CD11b* cells
increased after burn, the percentages of CD11b'°% and CD11b"9" cells from the blood of
burn mice were comparable to that of blood from sham mice.

DISCUSSION

Burn injury causes a number of inflammatory complications that lead to significant
morbidity and mortality [9]. Activation of the innate immune system plays a vital role in
clearing injured tissue and beginning the process of tissue repair. Cellular injury resulting
from burn can lead to the release of DAMPs [3], which bind a variety of receptors including
TLRs and stimulate the innate immune system. Once activated, the innate immune response
can result in inflammation, SIRS and inflammatory complications such as acute respiratory
distress syndrome (ARDS) or multiple organ dysfunction syndrome (MODS) [15].
Mitochondrial DAMPs are present in the circulation after trauma and have been shown to
activate neutrophils [6]. Moreover, elevated levels of DAMPs following trauma were also
shown to be related to SIRS, MODS and mortality [16]. The present study shows a strong
association between DAMPs, inflammation and the activation of monocytes after burn.

Given the massive amount of tissue necrosis associated with the site of injury, it is not
surprising that DAMP levels are elevated early after burn. The injured skin is the most likely
source of the elevation of plasma DAMPs including extracellular cleavage products
(fibronectin and hyaluronan), but other sources cannot be excluded, as distal organ (i.e.,
liver, lung, etc) injury is associated with major burns [17]. We observed that circulating
DAMP levels (HMGB, cytochrome C, and fibronectin) were significantly increased in the
early post-burn period (3—24 hrs) and subsequently decreased over time. In contrast,
hyaluronan levels remained elevated post-injury. These findings suggest that the burn injury
is creating cellular destruction and breakdown that is serving as a source of DAMPs. The
decrease in some of the DAMP levels over time may be accounted for by the acute
inflammatory response subsiding after the initial burn insult. In contrast, one study in injured
humans has shown that the elevation in DAMPs following trauma is sustained over 1 week
[16]. Further studies are needed to better characterize DAMP levels in humans and mice
after burn or trauma.

TLRs are a connection between tissue injury following burn and the inflammatory response.
Our group has shown that circulating leukocytes were responsive to TLR-induced activation,
and that TLR-mediated inflammatory responses were enhanced 3-7 days post-injury [18].
Experimental models of burn have also shown enhanced TLR-mediated reactivity in the
spleen, microvasculature, heart, lungs and intestines [19-22]. Inhibition of TLR-2 or TLR-4
signaling after burn has also been shown to suppress HMGB1-induced Kupffer cell cytokine
production [23].

Circulating monocytes were activated at 24 hrs following burn as evidenced by increased
expression of CD11b and TLR-2, but not TLR-4. The reason for the burn-induced changes
in TLR expression in our model is unclear, but may be related in part to TNF-a, which was
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elevated early after injury. Previous i vitro studies have shown that stimulation of
hepatocytes or macrophages with TNF-a will lead to preferential increases in TLR-2 mRNA
expression without affecting TLR-4 expression [24;25]. Alternatively, tissue injury (i.e.,
burn) and the exposure of extracellular matrix proteins may be responsible for the elevation
in TLR-2 expression, as TLR-2 is activated by exposure to extracellular matrix proteins,
whereas TLR-4 is inhibited by intact matrix [26]. While the current study did not
specifically address the role of TNF-a it would of particular interest to evaluate this idea in
future studies.

Monocytes and macrophages are instrumental cells in the early inflammatory response to
injury. We have previous shown that CD11b* population increases in the burn wound with a
shift towards the CD11b"9" population [27]. A shift towards the CD11b"8" population was
not observed in the study herein, which is likely related to the source of the cells (injury site
vs. circulation) and the time post-injury (3 days vs. 24 hrs).

TLR-2 is expressed by both monocytes and macrophages and recognizes antigen or PAMPs
through bacterial triacyl lipoproteins and has common ligands with TLR-4, such as HMGB1
[23]. In this study, TLR-2 expression was increased early after injury as would be expected
in conjunction with the elevation in DAMP levels seen. Conversely, TLR-4 was expressed at
much lower levels on circulating monocytes and was not affected by burn. A number of
DAMPs have been shown to interact with TLRs to induce an inflammatory response. Yang
et al. found that TLR-4 binds the nuclear protein HMGB1 and activates TNF release from
macrophages [28]. Others have shown that DAMPs can function to potentiate an
immunoinflammatory response in addition to serving as endogenous ligands for TLRs.
HMGBL has been shown to bind inflammatory mediators, such as LPS, DNA or IL-1p. For
instance, LPS can induce TLR-4 activation and activate HMGBL1 release which then, in turn,
binds more LPS and transports it to TLR-4 to initiate NF-xf driven inflammation [29]. In
this regard, elevations in HMGB1, in the absence of infection or these additional
components, may not initiate TLR-mediated activation of the innate immune response
following burn. Furthermore, DAMPs may assist in activating the immune response by
forming complexes that bind TLRs to initiate a response rather than by individually binding
the receptor to elicit a response.

It is also worth considering that DAMPs may activate TLR-4, but may also down-regulate
TLR expression rather than increasing receptor expression. This may be why TLR-4
expression did not significantly increase at 24 hrs after burn injury. Inflammatory products
such as cytokines have been shown to modulate TLR expression. IL-4 can inhibit TLR-4
mMRNA and decrease the surface expression of TLR-4 on peripheral blood monocytes
[30;31]. TLR-4 expression may be low in circulating monocytes but may potentially be
increased in monocytes or other cell types at the local site of burn injury, such as the skin. In
a study evaluating the role of DAMPs in traumatic brain injury and cerebral edema, TLR-4
expression was restricted to microglial/macrophage cells in the cortex surrounding the brain
contusion.

Mitochondrial DNA, released after injury, has been shown to activate human
polymorphonuclear neutrophils (PMNSs) through direct interaction with TLR-9 to elicit an
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innate immune response by causing PMN migration and degranulation [6]. Others have
demonstrated that DNA that is released into the circulation following injury can form
complexes with HMGB1 that then bind TLR-9 [32;33]. TLR-9, in this case, may serve as an
important mediator in the inflammatory response following burn. While the present study
did not assess TLR-9 activity, we found that circulating DNA levels trended upward but did
not reach statistical significance. Other DAMPs (i.e., cytochrome C and HMGB-1) were
significantly elevated following burn. One explanation for the observed difference is that our
methodology of spectrophotometric analysis of the circulating DNA is less sensitive and
measures total DNA, whereas PCR used by others is specific of mitochondrial DNA. PCR
may have allowed greater detection of circulating DNA and could be utilized in the future to
address this difference. Future work might also include analysis of TLR-9 expression.

The pro-inflammatory cytokines TNF-a,, IL-6 and IL-10 were elevated in the early post-burn
period (3-24 hrs) and in part mirrored the increase in DAMPs. These findings, while
associative, support the concept that burn-induced elevation in circulating DAMPs are
causative in innate immune activation, via activation of TLRs, and contribute to the
development of post-burn inflammatory complications. Nonetheless, this relationship has yet
to be fully characterized and this study herein has a number of limitations. These limitations
include the following; the relationship between DAMPs and changes in TLR expression and
monocytes activation are only associative and may be occurring independently, assessment
of monocytes activation was limited to a single time point, monocytes phenotyping was
limited to CD11b expression and forward and side scatter and changes in circulating
monocytes numbers after burn were not determined. In conclusion, while the findings herein
are only descriptive and associative the diagnostic and therapeutic potential of understanding
the relationships between inflammatory complications, DAMPs, and activation of TLRs on
immune cells in burn patients remains promising and warrants further investigation.
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Highlights
Burn induced an elevation in circulating DAMPs 3-24 hr after injury

Elevated DAMPs levels were associated with increased IL-6, IL-10 and
TNFa

Elevated DAMPs were associated with increased expression of TLR-2 on
monocytes
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Figure 1. Plasma DAMP levels
Plasma samples were collected from sham and burn mice and assessed for HMGBL1,

cytochrome C, DNA, and S100A8 (which was not measurable) as described in the Materials
& Methods. Data are expressed as the mean + SEM for 5-7 mice/group. *p<0.05 vs.
respective sham group.
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Figure 2. Plasma levels of extracellular matrix cleavage products
Plasma samples were collected from sham and burn mice and assessed for fibronectin and

hyaluronan levels as described in the Materials & Methods. Data are expressed as the mean
+ SEM for 4-5 mice/group. *p<0.05 vs. respective sham group.
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Figure 3. Plasma cytokine levels

Burn

Plasma samples from sham and burn mice were assessed for cytokine levels as described in
the Materials & Methods. Data are expressed as the mean £ SEM pg/ml for 4 mice/group.

nd = not detectable. *p<0.05 vs. respective sham group.
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Figure 4. Analysis of CD11b and TLR expression on monocytes
Blood samples were collected after 24 hr of sham or burn procedure and the blood cells were

stained with CD11b alone or in combination with TLR-2 and TLR-4 antibodies as described
in the Materials & Methods. The monocyte population was gated as determined by forward
and side scatter. Panel A shows the entire cell population with the lymphocyte/monocytes
gate (Lymph/mono, as determined by forward, FSC and side scatter, SSC) used for
monocytes analysis. In panel B the upper right quadrant of the graphs represents the
monocytes positive for CD11b and TLR-2 or TLR-4. The numbers are the mean percentage
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of the gated population. Panel C shows the CD11b* monocytes based on the forward scatter
(FSC) and CD11b expression. The numbers are the percentages of the CD11b!°W and
CD11bMi9" populations. Data shown are representative of 4 independent experiments.
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