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Abstract Burn injury causes an immunosuppression
associated with suppressed adaptive immune function.
Dendritic cells (DCs) are APCs for which signaling via
their Toll-like receptors (TLRs) induces their maturation
and activation, which is essential for the adaptive immune
response. In this study, we examined if burn injury alters
the TLR activity of splenic DCs. After injury, we noticed
that DC functions were impaired, characterized by a sup-
pressed capacity to prime naive T cells when triggering the
TLR4 signaling cascade using specific ligands (LPS or
rHSP60). The observed perturbations on LPS-primed DCs
isolated from burned mice exhibited significantly dimin-
ished IL-12p40 production and enhanced IL-10 secretion-
associated impairment in mitogen-activated protein kinase
activation. Interestingly, we observed a decrease of TLR4/
MD-2 expression on the CD8«" DC subset that persisted
following LPS stimulation. The altered TLR4 expression
on LPS-stimulated CD8x" DCs was associated with
reduced capacity to produce IL-12 after stimulation. Our
results suggested that TLR4 reactivity on DCs, especially
CD8ot DCs, is disturbed after burn injury.
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Introduction

Dendritic cells (DCs) are unique in their capacity to prime
naive T cells and initiate immune responses [1]. This prop-
erty correlates with their ability to enhance antigen peptides/
MHC, co-stimulatory molecules expression, and their
ability to produce cytokines when they are stimulated [2].
However, DCs do not display a constitutive co-stimulatory
function in situ and are immature immunologically. DCs
undergo maturation upon pathogen entry, tissue damage,
or danger signals [3]. Maturation is characterized by an
enhanced expression of both MHC-class II and co-stimula-
tory molecules, a production/secretion of stimulatory
cytokines, and their responsiveness to chemokines leading
them to the T-cell-rich areas of lymphoid organs [2, 4]. In
mice, three classes of lymphoid organ-resident conventional
DC subsets coexist in spleen (CD8x"CD4~, CD8x~ CD4"
and CD8o CD47) which selectively and differently regu-
late the development of Th1 versus Th2 response depending
of local environment [5]. IL-12 is produced mainly by
CD8ut DCs that are associated with the Th1 response [6]. In
contrast, CD8o~ DCs can also produce IL-12 but trigger a
Th2 response in the presence of IL-10 producing cells in
their microenvironment [6].

Maturation and functions of DCs are influenced by
endogenous and exogenous signals like cytokines and
pathogen-associated molecular pattern (PAMPs) which
bind to pattern recognition receptors (PRRs) [7, 8]. The
most common PRRs expressed on DCs are the Toll-like
receptors (TLRs) which discriminate between different
types of pathogens. Conserved PAMPs such as bacterial
lipopolysaccharides (LPS), peptidoglycan, or CpG DNA
motif bind to specific TLRs [8]. Moreover, putative
endogenous ligands such as endogenous fibrinogen and
heat shock protein can also interact with TLRs [9]. With
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regard to DC maturation, many ligands have been identi-
fied such as LPS for TLR4/MD-2 or lipoproteins for TLR2
[10]. Ligand binding to TLRs leads to dimerization and
conformational changes that are required for the recruit-
ment of downstream signaling molecules. The signaling
pathway from MyD88 leads to the activation of mitogen-
activated protein kinase (MAPK), including p38, ERK1/2,
and JNK/SAPK, and to the downstream activation of
transcription factors such as NF-xkB and AP-1 which con-
trol the inflammatory response [10, 11]. The LPS-activated
DCs produce different types of cytokines depending on the
DC subsets and can direct the activation and differentiation
of naive CD4™ T cells into Th1, Th2, Th17, or regulatory T
cells [12].

Severe burn injury induces an immunosuppressive state
which is responsible for the development of opportunistic
infections that can lead to sepsis and increase mortality
[13-17]. It is well established that burn injury induces a
systemic inflammatory response syndrome (SIRS) [18]. For
the majority of burned patients, SIRS persists for several
days and is often followed by the compensatory anti-
inflammatory response syndrome (CARS). The latter syn-
drome causes a decrease in cell-mediated immune
response, which may explain the frequency of septicemia
following burn injuries [19]. Our group and others have
noted that the immune depression observed after burn
injuries is attributed to CD4" T cell impairment causing
suppressed Thl function [15, 17, 20-22]. Antigen presen-
tation is the first step in the initiation of CD4" T cell-
mediated responses suggesting that the impaired T cell
response following injury may be related to APC function.
Cell types that have the ability to present antigen to CD4"
T cells are DCs, macrophages, and B cells [2]. It has been
demonstrated that defects in the T cell-mediated adaptive
immune response can be exacerbated by perturbations of
macrophages [23—-27]. However, the contribution of DCs in
T cell dysfunction following burn injury is poorly docu-
mented. After burn injury, it was reported that Fms-like
tyrosine kinase 3 ligand (FIt3L) treatments resulted in both
stimulation of DC production and enhancement of DC
functions restoring their ability to support Thl cytokine
production [28-30]. Previous research from our laboratory
using endotoxin mice strain (C3H/HeJ), which has a
mutation in the TLR4 receptor, demonstrated that LPS
unresponsiveness induced a more pronounced immuno-
suppression state and an intensive oxidative stress in burn
mice [31]. This suggests a role of TLR4 signaling in the
control of immune response after burn injury. Burn injury
is associated with disrupt normal homeostasis and increase
in bacterial translocation, which results in predisposition to
infection with a variety of potential pathogens, such as
Pseudomonas aeruginosa, Escherichia coli, and all Gram-
negative bacteria. McManus and colleagues found that

10% of all burned patients admitted to burn units devel-
oped P. aeruginosa bacteremia and 80% of those died [32].
Endotoxin (LPS) is a major component of the outer
membrane of Gram-negative bacteria and a critical actor in
the pathogenesis of Gram-negative sepsis. This multistep
recognition process is initiated by the binding of LPS to the
LPS-binding protein (LBP) that conveys LPS to a cell
surface receptor complex composed of MD-2 and TLR4
[33]. Given its central role in the pathogenesis of Gram-
negative sepsis following burn injury, we assumed that
TLR4 is one of the main receptors involved in the immune
response following burn injury. More recently, it was
established that burn injury primes DC TLR-mediated
responses and contributes to heighten the SIRS [34]. An
over-stimulation of DCs in the early state after burn injury
could induce a desensitized phenotype of those cells
against further pathogens. Long-term consequence of
severe burn injury on DC differentiation has not yet been
established. This is particularly important since an alter-
ation in DC subtypes can influence T cell response and the
immune homeostasis after burn injury.

The aim of our work was to determine the consequence
of burn injury on DC subpopulations and their functionality
in CARS. We demonstrated severe alterations in splenic DC
functions at 10 days post-injury. These perturbations were
characterized by a decrease in their capacity to prime T cells
via a dysregulation of TLR4 expression, maturation
induction, and cytokine secretion. We concluded that DCs
from burn-injured mice are no longer capable of responding
adequately to TLR stimulation, thus leading to an endotoxin
tolerance-like state following microbial infections.

Materials and methods
Mouse thermal injury model

All experiments were performed on 8-week-old male
C57BL/6 mice (Charles River Laboratories, St-Constant,
QC, Canada). Prior to the initiation of any procedure, the
mice were acclimatized for 1 week to our central animal
facility with strictly controlled temperature, relative
humidity, and a 12-h light/dark cycle. Each cage contained
five mice, which were fed standard chow (Richmond
standard diet; Lab Diet, Richmond, IN, USA) and water
ad libitum. The Institutional Animal Care Committee
reviewed and approved all procedures performed in
accordance with the Canadian Council on Animal Care
guidelines. Mice were subjected to a well established
thermal injury model that was previously described
[17, 31]. Briefly, mice were anesthetized with pentobarbi-
tural (CDMV, St-Hyacinthe, QC, Canada) and the dorsums
were shaved. Mice were placed in a custom-insulated mold
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exposing 20% of their total body surface area (TBSA) and
were immersed for 7 s in either room temperature water
(22°C) for sham burn or in 90°C water to produce a full-
thickness burn. This treatment has been shown to cause
full-thickness burn with low mortality (<5%). All animals
received by i.p. a mixture of ml 0.9% saline and 0.1 mg/kg
of buprenorphine (Reckitt and Coleman Pharmaceuticals,
Richmond, VA, USA) for fluid resuscitation while a topical
antibacterial agent (silver sulfadiazine cream, Smith and
Nephew, QC, Canada) was applied on the burned areas.

Dendritic cell isolation

One or 10 days after burn injury, mice spleens in each group
were individually prepared as single-cell suspensions in
10 ml of complete RPMI 1640 (BioMedia, Drummondville,
QC, Canada) supplemented with 10% heat-inactivated FBS
(BioMedia), 50 uM 2-mercapthethanol (Sigma—Aldrich,
Oakville, ONT, Canada) and antibiotics (100U/ml penicil-
lin and 100 pg/ml streptomycin (Biosource, Montreal, QC,
Canada)). DC isolation was done as described in [64].
Briefly, spleen cell suspensions were obtained by digestion
at 37°C for 30 min with collagenase mix (1 mg/ml Colla-
genase D and 20 pg/ml of DNase I; Roche Molecular
Products, Laval, QC, Canada) in RPMI-1640 medium 2%
of FBS. At the end of incubation, splenocyte suspensions
were obtained by tearing apart the splenic matrix on a
strainer and kept on ice to prevent DC maturation. There-
after, erythrocytes were removed by hypertonic lysis (Gey’s
solution with NH4Cl), viability determined and total cell
number counted. Viability of cells was consistently greater
than 90%. Spleen cell suspensions (10® total cells) were
incubated in 400pL of PBS 0.5% BSA buffer with 200uL
heat inactivated normal mouse serum, 100 pg/ml of purified
rat anti-mouse CD16/CD32 FcyIII/Il Fc-Block Ab (BD
Biosciences Pharmingen, Mississauga, ONT, Canada) and
70uL microbead-conjugated hamster anti-mouse CD11c™
(Miltenyi Biotec, Auburn, CA, USA) at 4°C for 15 min.
Cells were washed twice and DCs were separated by posi-
tive magnetic selection on auto-MACS according to the
manufacturer’s instructions. The purity of CD11c + cells
was consistently greater than 85% as determined using an
R-PE-conjugated hamster anti-mouse CD11c MoAb (BD
Biosciences Pharmingen) on a FACScan® flow cytometer
(Becton—Dickinson, Mississauga, ON, Canada). WinMdi
software was used for analysis.

T cell proliferation assay

To evaluate DC cell capacity to prime T cell proliferation
at 10 days, we used T cell hybridomas BO-97.11, the TcRs
of which are specific to OVA peptide (323-339) (Peptides
International, Louisville, KT, USA) presented by I-AP

cells. First, we pulsed splenic DCs with different OVA
concentrations 0, 3, 30, and 300 pg/ml for 1 h. OVA-
pulsed splenic DCs were incubated with BO-97.11 T cells
at a ratio of 1:4 alone with media or with 1 pg/ml of LPS
E. coli (O55:B55; Sigma—Aldrich) for 24 h. The superna-
tants were harvested for measurement of IL-2 secretion by
BO-97.11 T cells, as an indirect marker of cell prolifera-
tion, using an ELISA kit [35]. Purified rat anti-mouse IL-2
and biotin rat anti-mouse IL-2 were purchased at BD
Biosciences Pharmingen, streptavidin-POD conjugated
from Roche, and ABTS substrate (Sigma—Aldrich). All
procedures were performed according to the manufac-
turer’s instruction.

Semi-quantitative RT-PCR

At 10 days, DCs were washed twice in cold PBS and total
RNA was extracted with the RNeasy Mini kit from QIAGEN
(Mississauga, ON, Canada) according to the manufacturer’s
instructions. Random primers (Promega, Madison, WI,
USA) and MMLV reverse transcriptase (Invitrogen,
Burlington, ON, Canada) were used for cDNA synthesis.
PCR amplification of the cDNA was performed in a final
volume of 50 pl containing 1.5 mM of MgCl,, 1 unit of
GoTaq DNA polymerase (Promega) and 0.5 pM each of
TLR4 primers (Invitrogen). Cycling conditions were 94°C
for 30 s, 62°C for 30 s, and 72°C for 30 s (Whatman-
Biometra T-Gradient thermal cycler; Montreal Biotech,
Kirkland, QC, Canada) and the optimum cycle was 41 cycles
for TLR4 amplification. The sequence of the specific
primers used was for TLR4 forward 5-CAA GAA CAT
AGA TCT GAG CTT CAA CCC-3' and for TLR4 reverse
5'-GCT GTC CAA TAG GGA AGC TTT CTA GAG-3'. For
each sample, mRNA was normalized to the corresponding
amount of 18S rRNA using the mouse 18S rRNA Primer set
kit (Maxim Biotech, San Francisco, CA, USA). The TLR4
signal for each sample was then divided by its corresponding
18S signal. TLR4 and the 18S-probed membranes were
analyzed and quantified using a Phospholmager apparatus
(Molecular Dynamics; Amersham Biosciences).

Analysis of TLR4/MD-2

For the experiments investigating TLR4 modulation and
maturation of splenic DCs isolated 10 days post-trauma,
we cultured alone with media or with 1 pg/ml of LPS in
complete RPMI 1640 media at 37°C for the indicated time.
Following incubation, cells were trypsined (0.25% trypsine
solution) and washed three times with cold HBSS (Sigma—
Aldrich), 0.1% BSA, 0.01% sodium azide (Sigma—
Aldrich). TLR4/MD-2 expression on DC subsets CD8x"
and CD8o~ was evaluated by flow cytometry using
biotin anti-TLR4/MD-2, PE-anti-mouse anti-CD4 Abs
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(eBioscience, San Diego, CA, USA), FITC-conjugated
anti-mouse anti-CD8 Ab (eBioscience), and streptavidine-
PECy5 (Cedarlane Laboratories, Hornby, ON, Canada).
The isotype control Ab IgG PECy5 (Cedarlane) was used.
Following labeling procedures, cells were washed three
times with cold HBSS, 0.1% BSA, 0.01% sodium azide
and analyzed on FACScan®,while WinMdi software was
used for the analysis.

Cytokine ELISA

On day 10 after burn injury, sham and burn DCs
(2 x 10° cells/ml) were stimulated with LPS 1 pg/ml in
complete RPMI 1640 for 24 h. Serial dilutions of recom-
binant cytokine standards and culture supernatants were
added to individual wells in triplicate, and were subjected
to quantification of the cytokine level of IL-12p40 and
IL-10 by using specific ELISA kit. The mouse IL-12/IL-23
(total p40) ELISA kit (eBioscience) was used to quantify
IL-12p40 and the mouse IL-10 ELISA ready Set-Go
(eBioscience) for IL-10.

Western blot of phosphorylated (activated) MAPK

On day 10 following burn injury, splenic DCs (2 x 10°
cells) were incubated for 1 h at 37°C in microtubes con-
taining media only after which they were exposed to
1 pg/ml LPS and MAPK activation was evaluated. After
0-, 15-, 30-, and 60-min incubation periods, cells were
washed once with PBS 0.5% BSA, lysed in loading buffer
and boiled at 95°C for 5 min. Proteins were loaded on a
10% SDS-polyacrylamide gel, separated and transferred
onto a nitrocellulose membrane. Membranes were blocked
overnight with skim milk and probed for overnight at 4°C
with desired antibodies. Specific antibodies for the phos-
phorylated form of p38 MAPK (BioSource, Camarillo, CA,
USA), phospho-p46/p54 SAPK/INK MAPK (Cell Signal-
ing), or p44/42 ERK1/2 MAPK (Cell Signaling) were used.
Membranes were then washed three times in TBST
and incubated at room temperature with secondary HRP-
conjugated anti-rabbit IgG (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) for 2 h at room temperature.
Visualization of the bands was done by chemiluminescence
with the ECL™ system. Thereafter, membranes probed with
phospho-specific antibodies were stripped, blocked, and
rehybridized with non-phosphorylated anti-p38 (Santa-
Cruz Biotechnology), anti-ERK1/2 (Biosource), or anti-
JNK Abs (Cell Signaling).

Western blot of endogenous hsp60

Ten days after burn injury, splenocytes were lysed in
loading buffer, boiled at 95°C for 5 min, and proteins

proceeded to western blot as described above. Mem-
branes were stained overnight at 4°C with mouse anti-
hsp60 mAb (Stressgen Biotechnologies, BC, Canada).
Following three times washing in TBST, membranes
were incubated with secondary HRP-conjugated anti-
mouse IgG (Santa Cruz) for 1 h at room temperature.
Visualization of the bands was done by chemilumines-
cence with the ECL™ system. Thereafter, membranes
were stripped and reprobed with antibody against mouse
actin (A4700; Sigma—Aldrich) to evaluate protein loading
in each sample.

Intracellular cytokine detection

At 10 days after sham or burn injury, DCs were prepared as
previously described and 1 x 10° cells were incubated
with 1 pg/ml of LPS and 10 pg/ml of brefeldin A (Sigma)
for 6 h. Cells were then stained for CD11c, CDS8, or CD4
expression using FITC-conjugated anti-CD11c (Myltinei
Biotec), FITC-conjugated anti-CD8, or FITC-conjugated
anti-CD4 Abs (eBioscience). Cells were washed twice with
HBSS 0.1% BSA 0.01% Sodium Azide and then fixed for
20 min with 400 pl of 2% paraformaldehyde in PBS (pH
7.4) at 4°C. Following fixation, cells were washed once
then permeabilized in 200 ul of buffer containing 0.1%
saponin, 0.1% BSA, and 0.01% sodium azide in PBS.
Cytokine staining was done by first pre-treating the fixed
and permeabilized cells with 100 pL solution of normal
human IgG Ab (Sigma) for 10 min at 4°C, to block non-
specific binding. Fixed and permeabilized cells were
incubated with PE-labeled rat anti-mouse IL-12 (p40/p70)
(BD Pharmingen) for an additional 1 h at room tempera-
ture. Cells were washed twice with permeabilization
buffer, and then resuspended in 100 pl of permeabilization
buffer. FACScan® flow cytometer was used to detect
cytokine expression levels in gated CD11ct, CD4™, or
CD8" DCs subsets and analysis was performed with
WinMdi software. PE-labeled isotype control Ab (Cedar-
lane) was used to judge specific versus nonspecific
staining.

Statistical analysis

All data are expressed as mean =+ standard error of the
mean (SEM). Data were analyzed by Mann—Whitney U
test, unpaired ¢ test or by one-way ANOVA test and
Bonferroni multiple comparison post-test using Graph Pad
InStat 3.05 software program (GraphPad Software, San
Diego, CA). Differences between groups were considered
statistically significant when the probability that they
occurred by chance was <5%. Each experiment was
performed twice or more with at least five mice per

group.
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Results
Increase of DCs in the spleen after thermal injury

We have shown previously that burn injury caused an
increase of splenocyte number 10 days post-trauma [17].
Since a proportion of spleen cells are not T or B lympho-
cytes or macrophages, we have determined the percentage
of CDI1lc" cells following burn injury. Analysis of
CDI11c™ splenocyte after burn injury showed a decrease in
percentage of CD11c™ cells at day 1 followed by a sig-
nificant increase at day 10 post-injury (Fig. la, p < 0.01).
Transformation in absolute number of CDIlc™ cells
showed, at an early time following burn injury (day 1), a
decrease of around half in CDIllc™ DCs (Fig. 1b;
p < 0.05). Later, during the CARS stage (day 10), an
increase by 2.5-fold in the number of splenic CD11c* DCs
of burned mice was noted when compared to sham mice
(Fig. 1b; p < 0.001). Overall, burn injury causes a modu-
lation in the number of DCs which can play an important
role in the immune response post-trauma.

DC capacity to prime antigen specific T cells after burn
injury

Since DCs are the most potent antigen-presenting cells
(APC) involved in adaptive immunity, we have examined
stimulatory capacity for Ag-specific T cells by evaluating
indirect parameter such as IL-2 synthesis. To evaluate MHC
class II presentation by TLR4-stimulated splenic DCs
incubated, we utilised the BO-97.11 hybridoma, which
secretes IL-2 upon recognition of the OVA 323-339 peptide
in association with I-A® [35]. DCs from burned mice iso-
lated at 10 days post-injury more efficiently induced IL-2
production by BO-97.11 T cells when compared to DCs
from sham group (Fig. 2a; p < 0.05). Considering that
many PAMPs are released after burn injury, we wondered if
DCs pulsed in the presence of LPS induced optimal IL-2
production. OVA peptides pulsed DCs in presence of LPS
(1 pg/ml) from burned mice were less efficient than sham
DCs in their capacity to induce T cell IL-2 production
(Fig. 2b; p < 0.05). When compared to the sham group, a
decrease of 34.7 and 32.9% in IL-2 production by BO-97.11
T cells were noted for DCs from burned mice in the pres-
ence of 30-300 pg/ml of OVA peptide, respectively. Thus,
burn injury alone causes an increase in the capacity of DCs
to activate T cells. However, a second in vitro LPS stimu-
lation causes a reprogramming phenotype of the DCs
towards to decrease APC functions observed by reduce T
cells activation, suggesting that injury alters signaling
pathway of the TLR4.

A common issue of burn injury is the increase of
released endogenous activating molecules from necrotic
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Fig. 1 Burn injury causes an increase of the number of DCs in spleen
10 days post-injury. CS7BL/6 mice were subjected to thermal injury
and splenocytes were isolated as described in “Materials and
methods” 1 and 10 days post-injury. Dendritic cell percentage (a)
and number (b) were evaluated by flow cytometry for both sham and
burn mice as described in “Materials and methods”. Data are
represented as the mean £ SEM of four independent experiments
(n = 5 mice/group; *p < 0.05, **p < 0.01 and ***p < 0.001; Mann—
Whitney U test comparing sham vs burn-injured mice)

tissues, namely damage-associated molecular pattern
molecules which can act as a danger signals. Presence of
these endogenous molecules can lead to DC activation as
do PAMPs. In humans, burn injury is associated with an
increase of the latter type of molecules as shown with
extracellular heat-shock proteins [36]. To address this
question in our model, we have determined the level of
HSP60 in sera from sham and burned mice. HSP60 from
burned mice showed a significant decrease for up to
10 days following injury compared to sham mice (data
not shown). However, the enhanced protease activity
observed in serum from burn injury needs to be consid-
ered in these results [37]. Thus, we have determined the
HSP60 expression in splenocytes following burn injury.
As expected, we noted a significant increase of HSP60 in
splenocyte from burned mice 10 days following the burn
injury (Fig. 2c; p < 0.01). Since DCs interact with T
cells in restricted area and required cognate interaction,
which can be influenced by their environment, it is
plausible that release of intracellular protein such as
HSP60 can influence cells bearing a specific receptor for
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Fig. 2 Burn injury decreases A
DC capacity to prime naive T
cells. T cell hybridomas BO-
97.11, the TCR of which is
specific to ovabulmine peptide
(323-339) presented by I-A"
cells, were used to evaluate DC
cell capacity to present antigen
and induce T cell proliferation.
DCs were pulsed with different
OVA concentrations 0, 3, 30,
and 300 pg/ml alone with media
(a) or with LPS (1pg/ml) (b) or
with tHSP60 (5 pg/ml) (d).
Then, OVA-pulsed splenic DCs
were co-cultured with BO-97.11
T cells at a ratio of 1:4 for 24 h.
The supernatants were $
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related molecules. We have sought to determine if
endotoxin-free recombinant heat-shock protein 60
(rHSP60), a TLR4 ligand, can modulate DC activity
isolated from burn-injured mice. We observed that OVA
peptides pulsed DCs in presence of rHSP60 (5 pg/ml)
from burned mice were less efficient than sham DCs in
their capacity to induce T cell IL-2 production (Fig. 2d;
p < 0.05). Taken together, our results showed that in the
presence of a second challenge mediated by TLR4 DCs
from burn-injured animals less efficiently activate T cells,
which can explain the hyporesponsiveness of T cell post-
trauma.
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Injury decreases LPS-induced TLR4/MD-2 expression
on splenic DCs and IL-12 cytokine production

To test whether the inhibitory effect of burn injury on
LPS-stimulated DCs were related to decreased TLR4
expression, we have evaluated the TLR4 mRNA by semi-
quantitative RT-PCR and TLR4 expression on DCs iso-
lated from both groups. TLR4 mRNA in purified splenic
CD11c*DCs 10 days after burn injury was significantly
decreased by 2.3 £ 0.5-fold when in comparison to sham
group DCs (Fig. 3a; p < 0.05). At the protein level, %
CD11c™DCs expressing TLR4/MD-2 was significantly
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reduced in DCs isolated from burned mice in comparison
to sham group. Splenic CD11c*DCs expressing TLR4/
MD-2 was significantly decreased 10 days after burn injury
with burned mice having 28.4 4 2.3% CDI11c*/TLR4/
MD-2 DCs and sham mice 38.7 & 3.1% CDI11c*/TLR4/
MD-2 DCs (Fig. 3b; p < 0.05). Moreover, burned splenic
CD11¢™DCs express lower level of the TLR4/MD-2
receptor compared to sham, as determined by mean fluo-
rescence intensity (MFI) value (Fig. 3b, p < 0.05).

Three signals generated from TLR-activated DCs direct
the differentiation and activation of T helper cell Thl or
Th2 subsets, including the dose of antigen presented (signal
1), the type and degree of co-stimulatory molecule
expressed (signal 2), and the type of cytokine secreted
(signal 3) [2]. Since burn injury promotes antigen-driven
Th2-type responses in vivo [26], we have determined if DC
perturbations observed after burn injury change TLR4-
induced altered co-stimulatory molecule expression and
cytokine production. We analyzed the expression of B7.1
(CD80), B7.2 (CD86), and MHC II on LPS-stimulated
(1 pg/ml) DCs from both sham and burned animals. At the
basal level, CD11c¢"DCs constitutively expressed CD80,
CD86, and MHC 1II (data not shown). In the spleen, the
percentage of CD11c¢ DCs showed a trend (statistically not
significant different) to increasing MHC II and CD80
associated with lower percentage of CD11c*/CD86™
(Fig. 4a). Analysis of the percentage of DCs expressing
MHCII and co-stimulatory molecules following LPS-acti-
vation revealed no significant difference between the burn
and sham groups (Fig. 4a).
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Fig. 3 Splenic CDI11c*DCs have decreased TLR4 mRNA and
TLR4/MD-2 protein level after burn injury. RNA was isolated from
both sham and burn splenic DCs, and RT-PCR was performed to
evaluate TLR4 gene expression (a) in both sham and burned mice.
For each TLR4 RT-PCR, 18S ribosomal RNA was evaluated as a
housekeeping gene, as described in “Materials and methods”. Results
are expressed as relative mRNA TLR4 expression normalized to 18S
RNA of two independent experiments (DCs of n = 7 mice/group
were pooled). Results are presented as mean value = SEM of three
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The type of cytokine secreted, such as IL-12p40 and
IL-10 production, were also determined in LPS-stimulated
CD11c™DCs from sham and burn-injured mice. In the
resting state, the basal amount of IL-12p40 was signifi-
cantly decreased in the burn group (Fig. 4b; p < 0.05).
After LPS stimulation, a decrease of 50% of IL-12p40
production in the burn group (444.7 + 25.6 pg/ml) was
noted in comparison to the sham group (846.7 £ 58.1 pg/
ml) (Fig. 4b; p < 0.001). In order to further assess the
cytokine production by DCs, we have determined IL-10
production in supernatant of LPS-stimulated DCs in both
groups (Fig. 4b). No change was observed in unstimulated
DCs between each group. However, LPS stimulation
induced IL-10 production only in DCs from burned animals
by 1.6-fold, to reach 173.2 £ 17.9 pg/ml (Fig. 4b;
p < 0.05). Our results demonstrate that burn injury causes
a decrease in TLR4 expression of DCs associated with a
change in the cytokine production towards to an anti-
inflammatory cytokine profile.

Burn injury effects on MAP kinase pathway in total
splenic DCs

One potential explanation for the impairment of DCs
activity after thermal injury could be related to perturba-
tions in TLR signaling, particularly MAPK pathway, which
mediate a broad range of physiological processes, includ-
ing transcription factor activation, maturation, and cytokine
production cytokines [38—40]. Therefore, we observed the
consequence of burn at 10 days post-injury on splenic DC

Day 10

5]

BURN SHAM BURN

independent experiments (n = 3 mice/group; *p < 0.05; Mann—
Whitney U test). Percentage of splenic DCs expressing TLR4/MD-2
and the MFI of TLR4/MD-2 on splenic DCs (b) were evaluated by
flow cytometry using specific Abs as described in “Materials and
methods”. TLR4/MD-2 protein level is presented as mean value +
SEM of four independent experiments (n = 5 mice/group, *p < 0.05;
Mann—-Whitney U test comparing sham vs burn-injured mice). Dotted
line isotype control, the filled curve (grey) sham and open curve
(white) burn TLR4/MD-2 histogram
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Fig. 4 Burn injury induces a
decrease of IL-12p40 associated
with an increase of IL-10
production without any changes
of CMH II, CD86 and CD80
expression of splenic CD11c*
DCs; a 18 h after incubation
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MAPK activation following TLR4 activation. In order to
rule out an over-stimulation of DCs induced by trauma,
cells were incubated in the absence of any stimulation for
1 h before stimulation. LPS (1 pg/ml) exposure enhanced
p38 MAPK phosphorylation in DCs from both groups with
maximum at 30 min. At the basal level, a significant
increase of p38 MAPK phosphorylation is observed in DCs
obtained from burned mice when compared to DCs from
the sham group (Fig. 5a; p < 0.05). As shown in Fig. Sa,
CDI11c" CDs stimulated with LPS showed an increase of
phospho-p38 level for both sham and burned mice. How-
ever, no significant difference was observed in p38 MAPK
phosphorylation between DCs of both groups following
LPS exposure. Since SAPK/JNK is also activated by stress
stimuli and is implicated in inflammatory cytokine pro-
duction in DCs, we determined its activation. As expected,
the pattern of SAPK/JNK activation is similar to that of

p38 MAPK and no difference was observed between
CD11ct DCs from sham and burned mice (Fig. 5b). In
contrast to the activation of p38 MAPK and SAPK/JNK,
ERK1/2 phosphorylation 30 min following LPS-stimula-
tion is significantly less important in DCs from burned
mice as compared to those obtained from sham animals
(Fig. 5c; p < 0.05). Overall, our results showed that burn
injury is not associated with significant altered level of
phospho MAPK in total CD11c* CDs.

Burn injury affected selectively CD8«"CD11c*DCs
subsets

The decreased TLR4 expression and the effect on the
MAPK pathway in splenic DCs from burned mice
prompted us to determine if more subtle changes can be
detected within the DC subsets. At day 10 following burn
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Fig. 5 Burn injury causes an A Phospho p38
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injury, no significant change was noted in percentage of
either the CD8x"CD11c¢*DC or the CD8x CDI11c*DC
sub-populations (Fig. 6a). However, analysis of the TLR4
expression on these subsets revealed that burn injury sig-
nificantly down-regulated TLR4/MD-2 expression on the
CD8u*CD11c*DC  sub-population (31.3 £ 1.6 to
21.4% £ 1.3% for sham vs burned mice, **p < 0.01)
(Fig. 6b). In contrast, no difference was noted on
CD8x CD11c¢™DCs (Fig. 6b). These results demonstrated
a selective impact of burn injury on TLR4/MD-2 expres-
sion on splenic CD8a¢"CD11c¢*DC subsets.

An et al. [10] has reported that TLR4 expression is
associated with functional DC states. If burn injury causes
impairment of TLR4 modulation on CD11¢*DCs and their
subsets, this could lead to a DC dysfunctional state. To
verify this purpose, DCs isolated from both sham and
burned mouse spleen 10 days post-injury were stimulated
with the optimal stimulatory dose of LPS (1 pg/ml) for
various times. TLR4/MD-2 expression and modulation
were analyzed on each DCs subset. LPS stimulation of
splenic DCs induced a time-related increase of TLR4/MD-
2 expression in total splenic DCs from both groups and no
significant change occurs after burn injury (data not
shown). This TLR4/MD-2 increase was transient and a

normal level of expression was observed at 18 h after LPS
stimulation (data not shown). Analysis of the DCs subsets
showed that CD8«*CD11¢™DCs from burned mice failed
to up-regulate TLR4/MD-2 expression in response to
LPS (Fig. 7a). After 60 and 120 min of LPS stimulation,
significant decrease of TLR4/MD-2 expression on
CD8u"CD11c*DCs in burned mice compared to sham
mice was observed (Fig. 7a; *p < 0.05 and **p < 0.01).
Otherwise, on CD8o CD11¢TDCs, no change was noted
in TLR4/MD-2 expression between each group (Fig. 7b).
Our results established that burn injury causes a pert-
urbation in up-regulation of TLR4/MD-2 expression on
CD8x"CD11c*DCs following LPS-stimulation without a
modification in percentage of CD8x"CD11c¢"DCs.

Burn injury suppresses IL-12 production
by LPS-stimulated CD8x*CD11c*DCs subsets

The CD8ot subset of DCs is one of major producers of
IL-12 which plays a central role in Thl response [6].
CD8a DCs can also produce IL-12 but mediate a Th2
response in the presence of IL-10-producing cells in their
microenvironment [6]. It is well documented that burn
injury is associated with an increase of the Th2 response on
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Fig. 6 Effect of burn injury on TLR4/MD2 expression on

CD8ux"CD11c¢*DCs and CD8x ~CDllct sub-populations at day
10. Percentage of splenic CDI11c*DC subsets, termed as
CD8o"(CD47)CD11c™ and CD8x (CD41M)CD11ct from both sham
or burned mice was evaluated at day 10 post-injury (a). Ten days
following burn injury, TLR4/MD-2 expression level on both
CD8o"(CD47)CDI11c™ and CD8x (CD41)CD11ct from both sham
or burned mice was measured by flow cytometry using specific Abs as
described in “Materials and methods”. b Results are represented as
mean value + SEM of three independent experiments (n = 7 mice/
group; **p < 0.01; Mann—Whitney U test comparing sham vs burn-
injured mice). The filled curve (grey) sham and open curve (white)
burn TLR4/MD-2 histogram

the late phase. Thus, we have determined the capacity of
both DC subpopulations to produce IL-12 after LPS-stim-
ulation. For this purpose, the intracellular levels of
IL-12p40/p70 in both DC subsets were determined. Fol-
lowing LPS stimulation, a significant increase by 1.6-fold
in percentage CD8x"CD11c™DCs positive for intracellular
IL-12p40/p70 was noted in the sham group (Fig. 8a;
15.0 &£ 0.90 to 24.57 + 1.93% for unstimulated vs LPS-
stimulated, ***p < 0.001). Resting CD8x"CDI11c"DCs
purified from burned mice have reduced percentage
expression of intracellular IL-12p40/p70 when compared to
those isolated from sham group. Their stimulation with

LPS led to an increase of IL-12p40/p70 synthesis (Fig. 8a;
**p < 0.01), but to a lower extent than observed in
CD8x"CDI11¢tDCs from sham animals (Fig. 8a;
24.57 £+ 1.93 to 19.23 £ 1.38% for sham vs burned mice,
#p < 0.05). The latter significant change represents a 20%
decrease in the CD8x"CD11¢™DCs response of burned
mice (Fig. 8a). In contrast, sham CD8o CD11¢tDCs,
either in resting state or after LPS stimulation, have no
significant difference, even though a slight increase of
IL-12p40/p70 was detected (Fig. 8b). With regards to burn
CD8x CDI11c¢™DCs, no difference was detected between
the sham and burn groups (Fig. 8b).

Discussion

Several studies have established that burn injuries are
associated with major complications including immuno-
suppression which can contribute to the development of
septicemia [13, 14, 18]. The contributive factors of the
inability of injured patients to resist potential fatal infec-
tions remain elusive. Many studies have focused on
monocyte/macrophage functions after burn injury but little
is known about DC’s involvement in immune regulation in
the post-injury period [38]. In an experimental burn model,
Kataranovski et al. [41] have noted an increase of DCs in
wound-draining lymph nodes at 24—72 h after injury. More
recently, Lederer’s group showed that burn injury-primed
macrophages and dendritic cells for enhanced TLR2 and
TLR4-induced IL-1p, IL-6, and TNF-o production in the
spleen [34]. At this time, the consequence of burn injury
effect on the innate immune system remained elusive since
it was demonstrated that these immune perturbations can
be protective in an infection model [42]. In a burn injury
model, DC functions in adaptive immune responses have
never been determined. In trauma patients, including
burned patients, it has been suggested that impaired T cell
responses after trauma may be related to a decreased pro-
motion of T cell activation by DCs, subsequent to
impairment in DC differentiation from monocyte precur-
sors [43].

The present study was undertaken to evaluate the major
role of DCs in the initiation and regulation of immune
response to antigen. Analysis of DC number showed a
biphasic modulation characterized by a depletion the day
following burn injury and a marked increase at day 10.
Depletion at day 1 can be due to the stress response
involving the high level of glucocorticoid at this time point
[44]. It was observed that DCs, particularly those that are
CD8" lymphoid-derived, appear to be lost in the spleens of
septic patients and mice 24 h post-trauma [45, 46]. This
observed depletion of splenic DCs was caused primarily by
the loss of immature DCs rather than mature DCs. They



Dendritic cells perturbation following injury

1325

A CD8a+ dendritic cells

30 min 60 min

0 min
BURN

TLR4/MD-2

B CD8a- dendritic cells

30 min

120 min

120 min

5o OSHAM

m BURN
40
30
20 |
10 1
0,

0 30 60 120
Time (min)

% of TLR4/MD-2+
CELLS

O SHAM

70
60 | m BURN Ml
50
40
30
20
10
0

% of TLR4/MD-2+
CELLS

TLR4/MD-2
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described in “Materials and methods”. Results are presented as mean
value £ SEM of three independent experiments (n = 7 mice/group;
*p < 0.05 and **p < 0.01; ANOVA test with a Bonferroni post test
comparing sham vs burn-injured mice). The filled curve (grey) sham
and open curve (white) burn TLR4/MD-2 histogram
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found that this depletion of immature DCs was neither LPS

nor FasL dependent [45]. The observation that the deple-
tion of DCs was not FasL sensitive is in keeping with the

observation of several groups. Interestingly, polymicrobial
sepsis seemed to cause divergent effects on splenic DCs
and peritoneal DCs. The peritoneal DCs showed a more
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active response to septic challenge because the capacity of
peritoneal DCs isolated from septic mice to trigger T cell
proliferation was enhanced [45]. Therefore, sepsis affected
DCs isolated from different organs differently as they are
exposed to PAMPs in a different way. In burn sepsis mice,
it was observed an impairment of DC development from
progenitors, which could also explain the decrease of DCs
[47]. However, the exact mechanisms for DC decrease are
still unknown. Increase of DCs at 10 days of burn injury is
not restricted to DCs, as seen with lymphocytes and mye-
loid cells [17, 48]. This observed modulation in DC
numbers suggested that DCs are perturbed by the stress and
tissue damage associated with burn injury in mice. As DCs
are important cells in effective T cell response, we rea-
soned that DC number alterations or APC function might
explain, in part, the altered T cell-mediated immunity that
occurs after injury.

In the presence of released endogenous danger signals
following burn injury—released by tissues undergoing
stress, damage, or abnormal death—DCs are primed [3].
We established that ex vivo purified DCs have an increased
capacity to stimulate T cells after burn injury. In the model
used, the modulation of T cell activation in presence of
DCs cannot be due to their capacity to capture and process
OVA protein, since we have used an OVA peptide which
did not require processing. T cell hybridomas used in this
study are constantly more primed in presence of OVA
peptide pulsed-differentiated DC than undifferentiated DC
or fixed DC, although co-stimulation is not absolutely
required [49]. The increased capacity to stimulate T cells
suggested to us that burn injury may prime DCs in vivo
into a more mature phenotype associated with a release of
inflammatory cytokines. However, our results showed
neither a significant increase of the maturation state (data
no shown) nor an increase of IL-12p40 production of
CDl11ct DCs of burned mice that could explain the
increased capacity to stimulate T cells. Although DCs
respond to primary encounter with PAMPs following burn
injury exposure to subsequent pathogens, such as LPS,
might render DCs temporarily hyporesponsive to LPS. This
phenomenon has been referred to as endotoxin desensiti-
zation or LPS tolerance [50]. Interestingly, co-incubation
of DCs with LPS decreased their capacity to activate T
cells. Importantly, DCs requirement for T cell hybridoma
activation was less stringent then those of naive T cells,
suggesting that observed effect of decreasing are underes-
timated. In future studies, it will be useful to use purified
OTII TCR transgenic CD4% T cells, as they are more
sensitive to the altered DC antigen-presentating capacity
than the T cell hybridomas. Nevertheless, this result can be
related to a desensitized state of DCs. We showed after
burn injury a decrease of TLR4 in both mRNA and protein
expression on total splenic DCs. LPS-activated DCs from

burned mice have decreased release of IL-12 and an
increased of IL-10 production when compared to DCs
isolated from sham mice. Enhanced IL-10 production by
TLR4-primed DCs has been demonstrated after TLR
restimulation for DCs [51]. Creus et al. [52] have reported
on liver DCs that TLR4 down-regulation resulted in a
decreased response to specific ligands, inducing a reduced
or altered activation of hepatic adaptive immune responses.
This phenomenon of LPS tolerance was also shown on
macrophages or monocytes that were no longer capable of
responding to LPS stimulation [53]. This suggests that
injury may have desensitized DCs to TLR4 stimulation
after injury in a manner similar to what has been reported
for LPS tolerance. For this study, we have used commer-
cially available LPS that could be contaminated with TLR2
bioactive compounds [54]. Since then, we have used
physiological concentrations enabling us to assume that
TLR4 is the main receptor involved in our observations.
However, a recent study has demonstrated that TLR4 is the
main receptor involved in the Gram-negative sepsis, as
anti-TLR4 antibodies inhibited lethal endotoxin shock and
E. coli sepsis [55]. They have shown that TLR2 was not a
key player in the pathogenesis of Gram-negative sepsis
even though some Gram-negative endotoxin species are
also sensed by TLR2. Indeed, unlike the TLR4 ™'~ mice,
the TLR2™~ mice produced an abundant amount of
cytokines during E. coli sepsis and had a rapidly fatal
clinical course identical to that of wild-type mice.
Down-regulation of TLR4 seemed to be associated with
CARS since Paterson et al. [34] showed no marked injury-
induced changes in TLR4 expression levels at 1 day after
injury corresponding to SIRS. One day after burn injury,
we showed no marked difference in TLR4/MD-2 expres-
sion on DCs (data not shown), but a decrease of DC
number in spleen was noted. Lyons et al. [56] have
demonstrated in injured patients (including major burns)
increased IL-10 production which correlated with sub-
sequent septic events. This decreased resistance to
subsequent infection may be related to a dysregulation of
TLR4 signaling on DCs, since it was observed that IL-10
production may suppress IL-12 production by TLR3 and
TLR4 signaling in human DCs [57]. Lederer and co-
workers reported a slightly increase of intracellular TLR4/
MD-2 expression on F4/80" macrophages at 1 day fol-
lowing burn injury [58]. However, by 7 days after burn
injury, the TLR4 mRNA and intracellular TLR4/MD-2
expression on F4/80% macrophages was clearly increased
[58]. They have demonstrated that burn injury primes
mouse splenic macrophages and DCs to produce signifi-
cantly higher levels of the proinflammatory cytokines
TNF-o, IL-1f, and IL-6 in response to in vitro LPS stim-
ulation within 1 day after injury, with a more pronounced
increase in response by 7 days after injury [34]. Moreover,
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it was demonstrated by a higher mortality in burned, but
not sham, mice given purified LPS at 7 days after injury,
and by negligible mortality when injured mice were chal-
lenged on day 1 with the same dose of LPS [59]. Based on
these observations, the hyperactivity of macrophages was
more important in the late phase of the injury. Macro-
phage’s hyperactivity was noted by an increase of MAPK
activation and an increased production of cytokines [25].
We showed an increase of p38 activation in freshly isolated
DCs at 10 days post-injury suggesting that splenic DCs
might have been primed by endogenous ligands present
after burn injury. LPS-induced TLR4 DCs stimulation
showed a trend to increase MAPK (p38 and SAPK/JINK)
activation in burned mice compared to sham. In contrast,
LPS stimulation induced decreased ERK1/2 MAPK acti-
vation in DCs of burned mice. It is surprising that in this
study we did not observe the opposite in the profile of
MAPK activation since p38 and SAPK/JINK MAPK are
implicated in IL-12p40 production and ERK1/2 in IL-10 of
DCs. Discrepancy of MAPK activation can be related to
maturation/activation of DCs. Indeed, it was demonstrated
that SB203580, an inhibitor of p38 MAPK pathway, can
inhibit or increase TLR4-mediated IL-12p40 production in
function of DC activation/maturation [51]. DCs or mac-
rophages increase of IL-10 production mediated by TLR4
stimulation was associated with ERK1/2 MAPK enhance-
ment and p38 MAPK activity [51, 52]. Another possibility
to explain this observation in MAPK pathway in our model
is the heterogeneity of the DC preparation used. Indeed, by
the methods used, we isolated all splenic DC subsets, and it
is likely that only one of three DC populations found in
spleen can be affected by burn injury.

The three conventional DC subsets present in mice
spleen are CD8x* CD11ct, CD8x CDl1lc™, and double
negative. All subsets vary in their cytokine profile and,
possibly, in their functions [I]. Our analysis of
CD8x CDI11c* at day 10 after burn injury demonstrated
no major perturbations of TLR4 expression and IL-12
production at basal level and in their response to LPS. In
contrast, we noted for CD8xTCD11c™ a decrease of TLR4/
MD-2 expression in freshly isolated cells and an absence of
up-regulation expression of this receptor after LPS-induced
maturation. Moreover, intracellular IL-12 was decreased
after LPS-induced activation in CD8x"CDI11c"DCs
obtained from burned mice. CD8x " DCs are mainly found
in splenic T cell zone [60] and play a dominant role in
cross-priming and cross-tolerance, and preferentially
induce a Thl-biased response [61]. The Th2-type response
to soluble Ags is due to CD8« DCs [5, 6, 62]. Maldonado-
Lopez et al. [6] have demonstrated that CD8u0"'DCs, in
contrast to CD8a DCs, can produce IL-12 as early as 1 h
after in vivo stimulation and in the apparent absence of
any priming. Our results indicated that impairment of

TLR4 signaling led to decreased IL-12 production of
CD8uotCD11c*DCs which could explain the decrease of T
cell activation and Thl pro-inflammatory response
following thermal injury. After burn injury, adaptive
immune response is characterized by Th2-type response
[21, 26]. O’Sullivan et al. [21] have also reported similar
findings that major injury leads to a diminished IL-12
production and an increased production of IL-4 and IL-10.
This imbalance between Th1 versus Th2 cytokine response
has been associated with decreased resistance to infection
after burn injury. Presently, experiments are being con-
ducted in our laboratory to determine if post-maturation
DCs are capable of inducing differentiation of both Thl
and Th2 cells. The lower number of each DC subsets
represents a major limitation and required an important
number of mice. For this reason, we are also working to
develop an in vitro model to study the endotoxin tolerance
or the post-maturation reprogramming of each DC subsets.

Overall, our study showed a dysfunction of the DC
subset involved in adaptive immune response after 10 days
of burn injury. A better understanding of which DC subset
is affected and their impaired functions can lead to
development of new therapeutic avenue to reduce the
immunosuppressive state in CARS period. Until today, a
tolerance state was defined as a deletion of cell functional
activity. However, the term “cellular reprogramming’’,
previously proposed by Zhang and Morisson [63] to char-
acterize endotoxin tolerance, appears to be the most
appropriate one to define the events occurring among cir-
culating leukocytes during critical illness. Our study has
shown that burn injury caused a state of reprogramming
DC subsets that are no longer capable of responding ade-
quately to any subsequent challenge. Since various
populations of DCs are central to the orchestration micro-
environment and are involved in the generation of
regulatory T cells to preserve their integrity and maintain
local homeostasis, a better characterization of the effect of
trauma on these populations can result in a better
management of secondary response of immune system to
injury.
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